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Nanofabrication techniques play an important role in meeting current demands 
of highly compact devices with good performance. In this thesis, nano-scale 
silicon machining using ion irradiation and electrochemical etching is 
presented and both experimental and fundamental aspects are considered.  Ion 
irradiation is able to induce point defects along the ion trajectory in the silicon 
lattice. In subsequent electrochemical etching in hydrofluoric acid solution, 
porous silicon formation rate is slowed down or completely stopped at the 
irradiated regions due to these defects. The irradiated regions remain as 
crystalline silicon embedded in porous silicon. Low energy ion irradiation is 
used in this thesis, to reduce the lateral and vertical scattering effect, resulting 
in silicon structures with sizes of hundreds of nanometers or even smaller. 
This work involves simple, direct processes that give the ability to fabricate 
true three-dimensional structures. The fundamental aspects have been explored 
through simulation and investigation of a variety of experimental parameters. 
The enhanced photoluminescence from ion irradiated porous silicon, and the 
conditions for producing robust supports for three dimensional nanostructures 
have also been investigated to reveal the physical principles of silicon nano-
machining. 
Detailed studies enabled us to achieve various silicon nanostructures, such 
as, nanowires with diameter of about 50nm, self-aligned, multilayer silicon 
nanowires, complex free standing silicon nanostructures, etc. These structures 
can be used in fundamental and applied research areas such as silicon 
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Chapter   1 
Introduction 
1.1 Silicon nano-scale machining 
Silicon nano-scale machining is a process that partially removes silicon from 
the substrate or a sacrificial layer to form desired structures at a lateral scale of 
hundreds of nanometers or smaller. These structures can be nanometer 
thickness membranes, silicon nanowires, quantum dots, trenches and holes in 
nanometer size, or a variety of other structures. Silicon nano-scale machining 
is important for the following reasons: 
 Silicon has outstanding mechanical and electronic properties, and has 
become the most popular material in the volume production for the  
microelectronics industry. Silicon nano-scale machining is compatible 
with it. 
 The structures fabricated by this technique have nanometer scale in one, 
two or three dimensions, which could enable a higher integration density 
and lower power consumption, meeting the urgent requirement of 
reducing size and saving power. 
 The properties of nanostructures are different from their bulk 
counterparts and some of them are tunable by varying the size. 
Properties such as photoluminescence, electron field emission, thermal 
and electronic conductivities, and surface chemical properties of silicon 
nanostructures are utilized in a multitude of fields, and lead to higher 
sensitivity and more effective devices.  
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Figure 1. 1: General schematic of two mainstreams of silicon nano-scale machining. 
(a) Bulk machining and (b) Surface machining. 
 
Silicon machining was conceived in the 1960s with the development of 
planar integrated circuit (IC) manufacturing. Interest in silicon machining was 
dramatically increased and silicon sensors and structures at micrometer scales 
were commercialized in the 1970’s [1]. With increasing requirements for 
lower power consumption and smaller  dimension devices with higher speed 
and better functionality, the device feature sizes were shrunk to micrometer 
sizes in 1980’s. During 1990’s, nanometer-size silicon devices became even 
more popular. The interest in silicon based lithography, processing and 
machining grew dramatically and numerous of techniques were further 
developed, including wet etching using a variety of etchants, dry etching using 
reactive ion, or nanometer scanning probes, etc. Nowadays, the increasing 
requirement of highly-compact, high sensitivity and efficiency, low power 
consumption devices drives silicon nano-scale machining to be more widely 
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used across a multitude of fields, including nanoelectronics, optoelectronics, 
and biological or chemical sensors, etc. 
Silicon nanoscale machining is divided into two mainstream areas, which 
are bulk machining and surface machining. Bulk machining can be loosely 
defined as processes of selective remove silicon from the substrate to achieve 
desired structures. Surface machining, on the other hand, builds structures by 
deposition and etching structural layers or sacrificial layer on top of the 
substrate. The schematics of these two techniques are shown in Fig 1.1. This 
thesis mainly focuses on bulk silicon nano-scale machining, that using 
electrochemical etching to remove certain parts of silicon from the substrate. 
In fact, there exist many silicon etching methods within bulk silicon nano-
machining field which will be reviewed as follows: 
 
1.1.1 Wet etching technology 
Wet etching of silicon is briefly summarized as oxidation of silicon to form 
silicon compounds that are subsequently dissolved by other components 
within the etchant. Different etching methods are used depending on the 
requirements of structures and applications. With the development of 
technology, many of them result in nano-scale structures. 
Silicon etching using liquid etchants includes isotropic etching and 
anisotropic etching. Robbins and Schwartz used mixture of hydrofluoric acid 
(HF) , nitric acid (HNO3) and water for isotropic silicon etching in 1959 [2]. 
Electrochemical isotropic etching phenomena was also found in the fifties and 
formation of porous silicon during etching was observed, yet did not form a 
mature technique [3]. Later, a variety of chemical etchants such as HNA, a 
mixture of HF and CH3COOH or H3PO4, etc. were investigated.  In the mid-
sixties, alkaline etchants were introduced to silicon processes. These are 
anisotropic, which means that the resultant etch rate depends on the crystal 
orientation of the silicon surface. Etchant solutions include KOH, NaOH, 
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NH4OH, EDP (ethylendiamine, pyrocatechol, and water), TMAH (tetra-
methyl-ammonium-hydroxide), etc.  
Anisotropic Etching 
KOH is a commonly-used etchant. It etches silicon with the production of 
hydrogen bubbles. H2O and OH- are the main active species. A model for the 
dissolution chemistry was proposed [4] where the silicon surface is hydrogen 
terminated, and the Si-H bond is attacked by OH-, the Si-Si bond is attacked 
by H2O. The etching is anisotropic, and the etching rate depends on the atom 
density in different crystal planes. Most commercial silicon wafers have <100> 
planes at the surface which have a low density of atoms and are etched fastest. 
Next are the <110> planes. Since <111> planes have the highest atom density 
they are etched the slowest.  Silicon nitride, silicon dioxide or a resist which is 
strong enough to resist KOH etching is usually used as etching mask and 
many nanostructures have been fabricated in this manner. In one example, 
free-standing thin films with 55nm thickness were fabricated by etching away 
the bulk substrate of silicon-on-insulator wafer [5]. Silicon nanowires with 34 
nm width were produced by a combination of KOH etching and oxidation [6]. 
Silicon quantum wires of only 2 nm-width can be achieved by phase shift 
mask fabrication and KOH etching [7]. Using KOH to fabricate silicon 
nanostructure has high repeatability, low production cost and a fast etch rate. 
However, such structures are usually limited to one plane and the whole 
process is IC (integrated-circuit) incompatible. 
EDP is another commonly used anisotropic etchant. However, it is toxic and 
reacts with oxygen, which makes it not easy to handle. TMAH is also used to 
fabricate silicon nanostructures. It is IC compatible and toxic.  
Because of the anisotropic etching effect, the nanowire cross section is 
trapezoidal [8]. The main disadvantage of anisotropic etching is that the 
anisotropic nature of alkaline etchants makes the control of profile extremely 
difficult, there will be crystal alignment problem and the design pattern in the 
mask may not be exactly transferred to the final etched structures. 
 




Silicon etching by an acidic solution is an isotropic process. The most 
important species in the solution is HF (hydrofluoric acid) which can dissolve 
silicon dioxide that is produced by oxidizing silicon. The oxidation processes 
can be carried out by an oxidant, such as HN3O, H2O2, H3PO4, or by applying 
a bias voltage. The latter one is known as electrochemical etching. This is the 
main etching method used in this thesis and the detailed etching mechanism is 
described in chapter 2.3. 
Electrochemical etching of silicon in a HF solution produces porous silicon. 
This sponge-like structure has a crystalline silicon skeleton of nanometer 
thickness, which can produce photo- or electro- luminescence that is utilized 
as sensors or as luminescence materials. Electrochemical etching has been 
used to produce arrays of silicon nanowires with 90nm diameter. These 
nanowires show superior properties in the Li ion battery field, such as 
increased battery capacity and cycle stability [9]. Metal-assisted electroless 
etching has achieved a porous silicon nanowire array which combines the 
unique physical properties of one-dimensional nanostructure and the 
reasonable luminescence properties of porous structure [10]. These structures 
were fabricated by isotropic etching and suited to mass production. However, 
the fabrication of single, custom-shaped silicon nanostructures is a little 
difficult without well developed mask material. 
  
1.1.2 Dry etching technology 
Dry etching refers to machining techniques with no wet chemicals. It is a 
broad topic so only a few of important techniques in this field are introduced 
here. Usually the etching starts from the surface and removes the material 
layer by layer according to patterns on a surface mask, to a certain etching 
depth. This can be physical or chemical etching processes using reactive ions, 
gas, laser or ion milling.  
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Reactive ion etching (RIE) 
Here a discharged gas containing active chemical gaseous species are 
accelerated towards a silicon surface, where a chemical reaction produces new 
volatile compounds that are evacuated by a vacuum system. Ion sputtering 
effects also assist to etch away silicon. The etching mask can be a photoresist, 
which is patterned by electron beam lithography, nanosphere lithography or a 
nanostencil etc. Common masking material includes Si3N4, SiO2, Al, etc. 
Anisotropic etching is preferred for straight sidewalls although the etchant 
usually is isotropic in nature, so, low pressure environment utilizing ion 
sputtering etching effects is a better choice.  
Many silicon nanostructures have been produced by this technique. 
Examples include sharp silicon tips with less than 50nm diameter[11], which 
is the basis of the industrial production of AFM tips; nanoscale silicon 
pyramids used for silicon solar cells [12]; vertical silicon nano-rings which 
have potential applications in sensors, field emission devices, and solar cells 
[13] , etc. With rapid development of MEMS technology, more and more 
devices require deeper structures while maintaining their lateral scale. To 
achieve this, deep reactive ion etching (DRIE) was developed. This technique 
uses a more powerful source (plasma induced coupling) to increase the etching 
rate, resulting in high-aspect-ratio silicon walls with 16nm thickness[14]. Or it 
can utilize the “Bosch” process where sidewalls are passivated after etching, 
ensuring many scallops but straight sidewalls. The scalloped sidewalls which 
become even more obvious for nanometer size structures, have been utilized to 
produce three dimensional silicon photonic crystals[15]. The “Bosch” method 
was then developed to enable smooth, controllable sidewalls by using an 
inductively coupled plasma reactive ion etcher (ICP-RIE) which could tune 
the physical and chemical etching processes separately. By this method, 
silicon nanopillars with high-aspect-ratio and even silicon structures with sub-
10nm size which exhibited quantum behavior have been fabricated [16, 17]. 
RIE technique has high accuracy for pattern transfer from mask to bulk 
silicon, a fast etch rate and compatibility with IC technology. The resultant 
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structures have relatively smooth and straight sidewalls with high-aspect-ratio. 
However, since the etching profile only reflects the 2 dimensional surface 
mask design, fabrication of complex three dimensional structures is impossible. 
Ion beam milling 
Ion beam milling is a physical process in which incident ions transfer their 
energy to atoms in solid materials to sputter them out of the sample surface. 
This process is insensitive to materials. With the development of focused ion 
beam (FIB) technology which can achieve nanometer size beam spots, ion 
beam milling was used to fabricate nanostructures. 50nm width hollow 
trenches were achieved in silicon wafer which is used as nanostencil mask 
[18]. Three dimensional nanostructures can also be fabricated by FIB milling 
and nano-manipulation [19].  
Ion beam milling is a useful nanofabrication tool which can precisely 
transfer the designed pattern to the etching profile, except small slope of the 
sidewalls. However, the heavy ions used in FIB milling, such as Ga+, are 
simultaneously implanted into the sample during milling, leading to additional 
contamination. In addition, this method is very time-consuming and usually 
need pre-milling to thin down of samples. As for the three dimensional 
nanostructures, it relies more on the post milling manipulation, which means 
that ion beam milling is not a true 3D nanofabrication method. 
Scanning probe lithography (SPL) nanofabrication 
SPL nanofabrication is a method utilizing scanning tunneling microscope 
(STM) or atomic force microscope (AFM) to fabricate sub-100nm patterns on 
a wafer surface. This method is very straightforward and no masks required. 
By scratching the silicon surface with nanoscale diamond tips in an AFM, 
different widths and depths of trenches can be achieved by varying the 
touching force and velocity [20]. Small scale tips in STM and AFM can also 
be used to oxidize the silicon surface by ionizing water molecules in humid air. 
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If this is done in a chemical solution which can resolve silicon dioxide, silicon 
is etched at a nanometer scale. Due to the ultra-high resolution of STM, the 
structures also have sub-100nm scale [21]. The main advantage of SPL 
method is that it is the direct, simple fabrication processes. The nanostructures 
have ultra-high resolutions depending on the fabrication tips. Nevertheless, tip 
scanning is a very slow process within a limited area, thus, not compatible 
with mass production. The depth of nanostructure is also limited to nanometer 
range. 
1.1.3 Silicon nano-scale devices  
Silicon nanostructuring has attracted great research interest due to its strong 
application potential in many fields and its compatibility with well-established 
device designs and processing approaches in the semiconductor industry. 
There are one dimensional silicon nanostructures which have one dimension 
on the nanoscale, such as the film thickness; two dimensional nanostructures 
referring to nanowires or channels; and three dimensional nanostructures, 
referring to nanodots, quantum dots and nanoholes. Many devices utilize the 
nanometer size of silicon nanostructures, or their unique electronic, 
photoluminescence, or thermal and surface chemical properties. 
    Silicon nanostructures have broad applications because of their feature size: 
 Nanostencil mask: silicon nanometer channels or holes can be used as a 
nanostencil mask to pattern surfaces with low distortion due to the 
crystal structure of silicon [18, 22]. 
 Stretchable and foldable integrated circuit (IC): silicon nano-membranes 
and nano-ribbons used in integrated circuits not only enhance the device 
performance, downscale the device size, but also make flexible devices 
possible [23, 24]. 
 
The optical properties of nanostructures are changed from the bulk 
properties due to their nanometer feature size. Quantum confinement effects 
enable tunable band gaps for quantum dots, and a photoluminescence effect 
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which is different from its bulk counterpart. Silicon nanostructures have 
various applications utilizing their optical properties: 
 Solar cells: silicon nanostructuring has been used to provide an optical 
absorption layer with a high absorption rate [25] or as an anti-reflective 
layer in a solar cell [12]. Quantum dots selectively absorb energy and 
increase solar cell efficiency [26, 27]. 
 Silicon photonics: the periodic structure has a much higher efficiency in 
light transmission and reflection than conventional optical waveguides, 
giving it great potential for applications in lasers and optical 
communication. Nanometer silicon photonics have been utilized as 
nanoscale mode selector [28], resonant optical traps [29] etc. 
 Optical devices and optoelectronics: they are ultra-compact and have a  
low power consumption. It also has been shown that silicon 
nanostructures can work as waveguides [30], nano-lasesrs [31], optical 
switches[32], etc.  
 
    The surface chemical properties of nanostructures become very sensitive 
which also correlate with its electronic property. This makes silicon 
nanostructures to be a prominent candidate for many devices. 
 Nanosensors: silicon nanowires exhibit surface chemical dependent 
conductance, which was used as biological and chemical sensor with 
ultra-high sensitivity [33, 34].  Silicon nanowires configured as field-
effect transistors can directly translate the analyte–surface interaction 
into an electrical signal to detect protein interactions [35]. 
 Porous silicon nanowires used as the anode in a lithium ion battery 
exhibited superior long cycle lives [36].  
 
    Nanostructures can be configured as a field-effect transistor or a p-n 
junction which integrated with Micro Electro Mechanical systems (MEMS) 
and IC systems to produce devices with high performance and ultra-compact 
device sizes. When the feature size is below 10 nm, quantum effects enable 
discrete electronic states, which can be used for more advanced devices.    
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 Silicon nanowires have been used in metal-oxide-semiconductor field-
effect transistors (MOSFETS) to reduce the noise level [37]. As a kinked 
p-n junction, it has high spatial resolution and intracellular recording 
[38]. These parts can also be integrated into IC systems to fulfill the 
multifunctional requirements [24]. 
 Silicon quantum dots used as single electronic transistor offer the 
promise of ultrahigh integration density and low power consumption. It 
is proposed that a high sensitive electrometer utilizing quantum dots can 
work in room temperature [39]. 
 
Silicon nanowires with diameters of 50nm exhibit 100-fold reduction in 
thermal conductivity compared to bulk silicon, making silicon nanostructures 
to be a promising thermoelectric material [40, 41]. 
1.2 Motivation and Objective 
Silicon nanostructures have attracted a great amount of research interest in 
recent decades because of their unique properties, their compatibility with 
semiconductor industry facilities, and the broad range of applications. The 
increasing requirement of highly-compact, high-performance devices makes 
silicon nano-scale machining play an even more important role. Although 
there already exist many silicon nanofabrication methods, complex 
manufacture steps and post fabrication manipulations are often required. In 
addition, there are rare of well-established techniques for complex three 
dimensional structures. This thesis is driven by fulfilling these requirements 
and investigating a new method to fabricate silicon nanostructures in a direct, 
cost effective, and three dimensional way.  My main objective is to develop a 
new top down fabrication method for silicon nanostructures by ion beam 
irradiation and electrochemical etching. This thesis also aims to investigate the 
detailed principles and parameters for nano-machining of silicon by ion 
irradiation and etching, and to go on to apply these silicon nanostructures in 
the photoluminescence and nanostencil lithography fields.  
 




This thesis begins with a review of silicon nano-machining in chapter 1, which 
also includes the motivation, objective and outline of this work. Chapter 2 
describes the main principle of ion beam irradiation and electrochemical 
etching of silicon. A variety of mask fabrication methods and the experimental 
facilities, such as ion beam accelerator, HF electrochemical etching setup are 
introduced. 
The results and analysis of the data, which were mainly done by the author, 
follow in the next six chapters. A few results which were mainly done by 
collaboration are mentioned in text or in the corresponding figure legends. 
Chapters 3 and 4 mainly focus on investigating the factors and detailed 
principles influencing silicon nanostructure formation. The simulation part 
forms chapter 3. Simulation of ion beam irradiation gives us clear view of ion 
beam trajectories and the distribution of induced defects in silicon. Irradiation 
with protons and helium ions are compared to achieve proper experimental 
conditions. By simulating the irradiations with nanometer width, we give a 
more accurate definition of fluence: line fluence, which should be the proper 
standard for all works related to fabrication of nanostructures by means of 
charge particle irradiation. Electrochemical etching of silicon has also been 
simulated using COMSOL, leading to a better understanding of the etching 
processes of complex irradiated patterns. In chapter 4, investigation on 
experiment factors, such as ion energy, fluence, proximity of adjacent 
irradiated patterns, etc, enabled us to fabricate silicon nanowires with a 
diameter and gaps of about 50nm. Self-aligned, three dimensional silicon 
nanowires arrays are also achieved in this chapter.  
Chapter 5 is devoted to testing and investigating the enhanced 
photoluminescence from ion irradiated porous silicon. First, the reason for 
enhanced photoluminescence is explained. The irradiation fluence, wafer 
resistivity, and current density are then studied with respect to influencing the 
photoluminescence. The potential applications are also briefly discussed in 
this chapter.  
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The following chapters describe the application fields of silicon 
nanostructures. In chapter 6, free-standing, three dimensional silicon 
nanostructures are fabricated and the key factors for fabricating robust 
supports are presented. Another important application field in this thesis is 
using silicon nanostructures as a nanostencil lithography mask, included in 
chapter 7. It begins with a brief review of the nanostencil technique. Following 
the description of mask quality and design, problems of wafer bending during 
thermal oxidation are discussed. This chapter describes preliminary results of 
nanostencil lithography using our mask, nevertheless shows the feasibility of 
this method and the success to some extent.  






Chapter   2 
Background 
This chapter presents background information on facilities and theories which 
are essential for better understanding of the experiments in this thesis. The 
chapter begins with an overview of lithography methods, which are used to 
fabricate the photoresist masks for the following ion irradiation. Then, the ion 
beam accelerator facilities in the CIBA laboratory are described. The 
principles of electrochemical etching are introduced later, revealing the 
formation mechanism of porous silicon. Ion irradiation in silicon is able to 
influence the etching processes, which is the basis of this silicon nano-
machining work. The detailed principles are finally explained.  
2.1 Mask fabrication methods 
2.1.1 Electron beam lithography 
The most commonly used patterning method is photolithography, but the 
resolution is limited by the optical wavelength used. Using electron beam (e-
beam) lithography, the particle wavelength is only 0.22 nm for 30 keV 
electrons. This is thousands of times shorter than optical wavelengths, so e-
beam lithography is not limited by its wavelength. The factors limiting 
achievable e-beam lithography resolution are various electron lens aberrations 
which limit the beam spot size, and electron scattering in the resist material. E-
beam lithography was used for patterning fine structures, as early as in 1965 
[42]. The electron beam can be focused down to less than 10 nm, and lots of 
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commercial systems have been developed for nanoscience research and 
industrial production.  
    In my work, I have used a Sirion scanning electron microscope (SEM) from 
the company FEI for e-beam lithography. A schematic overview of basic SEM 
system is shown in Fig.2.1. The system uses a thermal field emission source to 
provide a stable and small size beam spot. The beam is focused by magnetic 
lenses down to 1.5nm in theory, but a few nanometers in practice, at an 
optimum working distance and parameter settings. The Nanometer Pattern 
Generation System (NPGS) is used to control the beam scanning and blanking 
to pattern nanostructures on a photoresist. This system can produce an electron 
beam with an energy from 200 V to 30 kV, in general, the higher the beam 
energy the higher the resolution. Since the experiments need a mask with very 
fine feature sizes on thick photoresist mask, I usually choose the highest beam 
energy that the system can generate, 30 keV. There are different beam spot 
sizes from 1 to 7, controlled by condenser lenses. The smallest beam spot 
(spot 1) is chosen to pattern fine nanostructures. Spot 5, which usually gives a 
stable beam current, is usually used for micrometer size features such as 
support structures to save irradiation time. 
The advantages of e-beam lithography are a user-friendly operation 
platform and a stable system performance. The beam can be easily focused 
down to less than 10nm for nanostructure fabrication, and remains stable for 
long periods. The mask-less patterning process is straight forward and fast 
compared to other direct writing techniques. 
Polymethyl methacrylate (PMMA) was developed as an e-beam resist in the 
1960s [43]. PMMA resists allow high resolution and high contrast. 
Furthermore, its low sensitivity ensures that the exposure process is not 
limited by the microscope’s highest scan speed. PMMA is also cheap and can 
be handled under normal lighting, no yellow room needed, easy to remove 
after the following experimental steps. Therefore, I used PMMA resist as the 
e-beam lithography resist. After exposure, resist development was carried out 
in MIBK: IPA (1:3) solution, and rinsed in IPA solution, followed by de-
ionized water to achieve high resolution patterns. 
 




Figure 2. 1: (a) Out View of Sirion SEM system located in SSLS (Singapore 
Synchrotron Light Source) (b) SEM inner schematic overview). 
2.1.2 Proton beam lithography 
 
Figure 2. 2: Comparison between (a) Proton beam lithography (b) Focused ion 
beam (c) electron beam lithography. (From [44])  
 
    A novel direct writing lithography technique was developed using a focused 
protons beam with MeV energies to produce nanoscale features in photoresist 
material [44-46]. The feature size can be down to 20 nm with high aspect ratio 
[47]. The system principles are very similar to an e-beam lithography system 
and the detailed facility components are introduced in section 2.2. Compared 
with e-beam lithography, this lithography method uses higher energies and 
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heavier charged particles, enabling distinct features to be patterned. Proton 
beam irradiation can be simulated using the code SRIM (Stopping and Range 
of Ions in Matter) [48] and electron beam irradiation using CASINO. A 
comparison between them is shown in Fig. 2.2.  
From Fig. 2.2, it can be seen that a proton beam with its higher energy has a 
much longer range than a keV electron beam and there is less scattering along 
the trajectory. This property is mainly due to the heavy mass of the protons, 
which leads to less scattering during collisions with electrons. Large scattering 
angles occasionally results from collisions with nuclei, but these are rare.     
The main distinct features of proton beam irradiation are classified as follows: 
 High energy protons have a relatively large penetration depth, which is 
proportional to the beam energy. This makes this technique ideal for 
fabricating high aspect ratio and three dimensional structures in resists. 
The angular scattering is very small at the beginning of the trajectory, 
resulting in straight and smooth side wall in resist materials. 
 The secondary electrons generated by high energy protons are typically 
much lower in energy compared with an incident electron beam at the 
energies used in electron beam lithography. Since secondary electrons 
lead to unwanted exposure of adjacent areas and cause distortion of 
exposed patterns, they are the main reason of unwanted proximity effect. 
Therefore, proton beam lithography has a relatively low proximity 
effect. 
 The rate of both defect creation and energy loss as the protons penetrate 
material is relatively constant along the initial portion of their trajectory. 
This gives another advantage compared to techniques such as extreme 
UV lithography and X-ray lithography, where an exponential dose 
reduction occurs with penetration depth. The defect density increases 
about ten times when protons reach their end of range depth. This effect 
can be utilized to fabricate complex, three-dimensional structures in a 
silicon wafer, which will be discussed in the following chapters. 
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Two 1 µm thick PMMA resists were patterned, one by e-beam and the other 
with a 1 MeV proton beam. The results are compared in Fig. 2.3. With proper 
fluence and pattern design, nanometer line width was achieved by both 
methods. Proton beam fabricated structures exhibit the clear advantage on 
achieving straighter side walls, and its deeper penetration depth results in a 
clear groove bottom. Although the e-beam patterned grooves still have a thin 
layer of photoresist left at the bottom, the depth difference between exposed 
and unexposed region is large enough to distinguish the pattern when it is used 
as a mask in the following experimental steps. One important advantage for e-
beam lithography over proton beam lithography is that it is a well-developed 
commercial system, which leads to rapid attainment of a focused stable beam. 
And it has about 10 times faster exposure efficiency than a proton beam if 
using the direct writing mode for patterning nanostructures on a thin 
photoresist layer. Since the following experiments do not require a thick 
photoresist layer, and the quality of e-beam pattern is good enough with less 
time required, e-beam lithography is a suitable method. Furthermore, of course, 
electron irradiation does not affect the silicon substrate, whereas the use of 
high energy protons results in a column of ion induced defects, a serious issue 
to this form of pattern. Thus, I choose e-beam lithography as the main method 
for thin layer PMMA patterning.  
 
Figure 2. 3: SEM cross section of nanolines in PMMA photo resist, patterned by (a) 
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2.1.3 Laser Writer 
A laser writer comprises a micrometer-resolution pattern generator for direct 
writing and low volume mask making. I used a Heidelberg UPG 101 laser 
writer to fabricate photomasks for photolithography (Fig. 2.4 a). This 
instrument is equipped with a diode laser at 405 nm. The commercial mask 
uses Soda-Lime glass as substrate, with a thin layer of low reflective chrome 
(Cr), 530 nm AZ 1518 photo resist coated on top of it. After laser irradiation 
and development, the unexposed AZ photo resist left on the substrate acts as a 
protective layer in the following Cr etching step. The remaining AZ photo 
resist is then stripped away by AZ stripper. A mask fabricated using this 
machine is shown in Fig. 2.4 b. Micrometer structures are easily fabricated 
over large areas. The main advantages are high throughput and flexibility. 
 
Figure 2. 4: (a) Laser writer in the CIBA lab and (b) fabricated mask. 
 
2.1.4 Deep UV lithography 
Deep ultraviolet (UV) lithography is a well-developed replication technology 
with good compatibility for mass production in the microelectronics industry. 
It adopts light in the range from 150-365 nm to transmit sub-micrometer 
structures from a mask to photoresist materials [49]. The facility located at 
CIBA is shown in Fig. 2.5. I use 365 nm UV light to illuminate a SU-8 coated 
silicon wafer through a mask fabricated by a laser writer (discussed in section 
2.1.3). Proximity printing is used in the lithography process. In order to 
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minimize image blur, the gap between the mask and photoresist was reduced 
by a small pressure. Although deep UV lithography has drawbacks of sloping 
and rough sidewalls, relatively large pattern transfer distortion, limited 
resolution, the great advantage of being a cheap facility, capable of high speed 
and parallel mode fabrication makes it our preferred choice of fabricating 
micrometer features in photoresist mask.  
 
Figure 2. 5: (a) Photography of deep UV lithography machine (b) Optical image of 
mask fabricated by this machine. 
 
2.2 Ion beam irradiation 
Ion irradiation can be used for other purposes than as a lithography method. 
The interaction between high energy ions with other materials also leads to a 
variety of techniques and applications. For example, detection of 
backscattering ions is the basis of the RBS (Rutherford backscattering 
spectrometry) technique, used for mapping elemental depth profiles [50]. By 
detecting transmitted ions, STIM (scanning transmission ion microscopy) can 
find a sample’s areal density. Ion induced X-Ray emission offers another way 
of elemental mapping and analysis, namely PIXE (proton induced X-ray 
emission). A high energy ion beam induced fluorescence is used for imaging 
biological samples and tracing nanoparticle movements in cells [51]. The ion 
channeling effect in crystals has also been studied for fundamental research 
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[52]. Another important example is that ion beam irradiation can induce 
defects in a silicon crystal, which influence the following electrochemical 
etching process. This forms the basis of this silicon nano-machining work and 
is discussed in more details in chapter 2.3.2. A variety of structures have been 
made by the similar method, such as silicon waveguides and micro-lenses [53-
55]. 
 
Figure 2. 6: Top down schematic (left) and photograph (right) of ion irradiation 
facility located in the CIBA lab with (a)accelerator (b)X and Y steerer (c)90 degree 
magnet (d) object slits  and (e)switching magnet. 
The High voltage Engineering Europa 3.5 MeV SingletronTM accelerator 
located in the CIBA laboratory can generate various types of ions over a wide 
energy range: from 100 keV to 3.5 MeV. A schematic and a photograph of the 
facility components are shown in Fig. 2.6. This machine requires a high 
vacuum environment, around 10-6 millibar. The ion source (model 173) is 
excited by a radio frequency (RF) oscillator, producing an ion beam with high 
stability, which is an important prerequisite for proton beam writing. The 
potential difference between the accelerator terminal and Earth results in the 
ions being gradually accelerated.  
On emerging from the accelerator (Fig. 2.6 a), electric fields in both X and 
Y directions are used to deflect the beam to the desired spot (Fig. 2.6 b). Then 
the ion beam passes through a 90° magnetic field (Fig. 2.6 c). This strong 
magnetic field is in vertical direction, pointing downwards. A Lorentz force is 
induced on the charged particles, working as a centripetal force to bend the 
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trajectory of the beam. Only ions with certain mass-to-charge ratio bend 
exactly 90° and pass through the exit aperture towards the sample stage, while 
others are filtered out. In this way, by adjusting the 90° magnet, desired ions 
are chosen with high accuracy. Two beam profile monitors are situated just 
after the accelerator and after 90° magnet respectively. They give the 
information of the beam profile, position and intensity distribution. The beam 
current can be measured by Faraday Cups located beneath the two beam 
profile monitors. This quantitative information is typically used for optimizing 
the beam.  
The beam is then defined to a small square by a set of slits (Fig. 2.6 d) and 
the square acts as the object of final beam spot image. The slit-enable system 
that feeds back position deviation information to the accelerator control 
system is also situated here to stabilize ion beam. With a magnetic switching 
field (Fig. 2.6 e), the same principle of 90° magnetic, beam is bent to different 
end-stations located at different angles. Only the 10° beam line and 45° beam 
line are used in this thesis, which are introduced later in detail.  
2.2.1 Proton beam writing instruments 
The 10° beam line is especially set up for proton beam writing (PBW). The 
high energy ion beam can be focused down to sub-100 nm spot, and the beam 
scanning system is designed to scan the beam in a programmed way to 
generate the desired patterns. 
 
Figure 2. 7: End station setup in 10° beam line for proton beam writing. 
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Before the target chamber, the high energy beam is focused by high 
demagnification OM52 magnetic quadrupole lenses from Oxford Microbeams. 
There lenses are installed in an Oxford Triplet configuration [56, 57]. A 
quadrupole lens provides a magnetic field using four poles arranged 
symmetrically about the ion beam axis. These poles are excited in a N-S-N-S 
configuration, so that if positive charged particles travelling out of the paper 
plane, the Lorentz force direct the particles into the center on horizontal plane 
and direct them out of center in vertical plane (Fig. 2.8). Therefore, a single 
quadrupole lens element converges in horizontal plane and diverges in vertical 
plane, forming a line image (Fig. 2.8b). At least two quadrupole lenses are 
required to focus the beam to a point. In this beam line, three quadrupole 
lenses are used, enabling a demagnification of 228 in the horizontal and 60 in 
the vertical direction. A sub-100nm beam spot is routinely achieved. 
 
Figure 2. 8: (a) A schematic cross section of a quadrupole lens and the magnetic 
field. Assume that positive charged particles travelling out of the plane of paper, 
straight line arrows are the forces on them in this magnetic field. (b) Schematic of 
single quadrupole lens focusing effect to form a line image. 
Scanning and blanking systems 
To irradiate a designed pattern on the sample, a magnetic scanning system is 
used to deflect the beam to the desired position. The system is controlled using 
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software developed in CIBA: Ionscan [58]. There are two modes of the 
scanning system, beam scanning and stage scanning. In beam scanning, the 
patterns are treated as a point irradiation for each designed pixel. At pixels 
where there is no pattern, the beam is deflected away from the target chamber 
by a blanking system located just before the switching magnet. In this way, a 
desired pattern can be created by scanning the beam according to each pixel’s 
information. By controlling the dwell time for a single pixel, the dose is varied. 
Therefore, the control of fluence variation is easy in this system. For the stage 
scanning system, the beam is kept in the same position or just scanned in one 
direction. The stage is controlled to move in the other direction, so that 
patterns are generated. Stage scanning is usually used when a long line or 
rectangle pattern is needed. Although it can only generate simple patterns, it is 
not limited by the scan size in the stage movement direction, and it is well 
suited for at patterning smooth, long lines which can be used as waveguides. 
Target Chamber 
A stainless steel target chamber is situated at the end of 10° beam line. 
Samples are normally mounted on a Burleigh Inchworm stage which has a 
travel distance of 25mm on X, Y and Z axes with step resolution of 20nm. A 
CCD camera with optical microscope connection in the chamber is used for 
monitoring the position of samples. RBS and secondary electron detectors are 
also installed in the chamber for current measurement and beam focusing. 
2.2.2 Large area irradiation instruments 
The 45° beam line was developed to irradiate samples with a broad beam of a 
few centimeter squares. The beam current is also greatly enhanced compared 
to focused beam. Thus, this system provides high efficiency ion irradiation, 
which is good for mass production. 
    The beam focusing and scanning system is the same as in 10° beam line, 
while the chamber and sample holder settings are different. Instead of 
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positioning the sample at the focal plane in the chamber, samples are 
positioned 50 cm beyond the focal point, where the beam is already defocused 
and forms a uniform large area beam (Fig. 2.9). There is a goniometer 
installed in the chamber (Fig. 2.10c), which is used to move the metal or 
silicon plate manually to block or unblock the beam. A picoammeter is 
connected to the plate to measure the beam current in chamber. 
 
Figure 2. 9: A schematic of large area irradiation instrument in 45° beam line. 
The sample is mounted on a movable ladder (Fig. 2.10b) inside the 
extension beam-tube attached behind the chamber. Irradiation is carried out by 
moving the sample into the path of beam. A fluorescent screen (Fig. 2.10d) at 
the end of extension pipe is used to monitor the beam size and uniformity. It is 
also used to see the shadow of the sample, to achieve good alignment of the 
sample relative to beam spot. 
The proton beam writing method uses a focused beam with a current of only 
a few picoamperes, using object slits and collimator slits to finely define and 
spatially filter most of the beam to achieve such a small beam spot size. For 
large area irradiation, I leave the object and collimator slits open wide to 
achieve large beam current (about 100 nA for MeV proton beams). The beam 
uniformly spread over an area of 25×25mm2, yielding a flux of 1×1011 
ions/cm2/s. This flux enables an irradiation fluence from 1013 ions/cm2 to 1015 
ions/cm2 easily achievable. Usually, in order to protect the resist on sample 
surface from thermal burning by the beam, the beam current is decreased by 
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reducing the object slit opening. The final beam area can be adjusted by 
changing quadrupole lens strengths. 
 
Figure 2. 10: 45° beam line facility (a) overview of end station with (b) the ladder 
and sample holder (c) goniometer upon chamber and (d) fluorescent screen. 
This beam line achieves a uniform irradiation since any beam fluctuation is 
distributed uniformly across the whole area and averaged with irradiation time. 
With such irradiation through a pre-patterned photo resist mask, the 
production efficiency has been greatly enhanced. 
 
2.3 Electrochemical etching of silicon  
The central method used in this thesis for machining silicon is electrochemical 
etching in a HF solution. This is an isotropic, wet etching process which 
produces porous silicon. Porous silicon is a sponge-like structure with 
disordered pores and nanocrystalline silicon located at inter-pore regions. It 
became a very popular research topic in the 1990’s, because of its visible 
photoluminescence properties [59], electroluminescence properties [60], and 
uses in photonics [61] and sensors [62]. Ion irradiation enhancement of porous 
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silicon photoluminescence is presented in chapter 5. In other chapters, porous 
silicon mainly acts as a sacrificial layer, a good isolation layer or as a support 
layer for silicon nanostructures. After irradiation, ion irradiated regions cease 
to form porous silicon, but remain as crystal silicon. Therefore, ion irradiation 
can be used to define the desired silicon structures. The detailed principles are 
discussed in this section. 
2.3.1 Principle of electrochemical etching 
The principle of electrochemical etching of silicon in HF solution involves the 
dissolution of silicon and pore formation mechanisms. There are a variety of 
models to explain it and the most commonly accepted one is discussed. 
Silicon dissolution 
 
Figure 2. 11: Reaction scheme for silicon etching in HF solution (from [63]). 
The silicon surface is covered by hydride (Si-H) during immersion in HF 
solution [64].  The F- ions in solution seem to be inactive. The active species 
are HF, its dimer (HF)2, or biluoride HFଶି  which will dissociate into HF 
monomers and F- near the surface [63]. When a hole approaches the silicon 
electrolyte interface, HFଶି  ions make a nucleophilic attack on a silicon atom, 
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replacing Si-H by Si-F bond (Fig. 2.11-1). The second nucleophilic attack 
occurs under injection of an electron and creates another Si-F bond (Fig. 2.11-
2). The ionic nature of two Si-F bonds polarizes the other two bonds which 
results in easy attack by HF or H2O. When the four bonds of one silicon atom 
are attached to F- ions, this atom is removed from the crystal structure (Fig. 
2.11-5).  The reaction product SiF4 then reacts with two HF and forms H2SiF6. 
The whole process is summarized by:    
Si + 6HFH2SiF6 + H2 + 2H+ + 2e- 
 
 
Figure 2. 12: Schematic of electrochemical etching set-up. 
In the dissolution processes, step 1 (Fig. 2.11-1) which is initiated by a hole, 
is the rate-limiting step of this reaction. In order to provide enough holes for 
this reaction, a silicon wafer is used as the anodic electrode (Fig. 2.12). In n-
type silicon, holes need to be created by illumination of the sample, where 
electron-hole pairs are broken apart by the light to release more liberated holes. 
However, in p-type silicon, holes are majority charge carriers which are easily 
driven to reach the wafer surface to participate in the reaction. Thus, without 
illumination required, p-type silicon is the preferred material with less 
environment dependence during etching. The backside of the p-type silicon 
wafer is connected to a copper wire to get Ohmic contact (Fig. 2.12). First, the 
initial oxide is removed by dilute HF solution, the backside of the wafer is 
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then covered by indium gallium, upon which the copper wire is placed. Then 
the metal part is covered by Araldite glue (epoxy adhesion) to prevent reaction 
with the HF solution. The cathode electrode is made of a platinum grid which 
is inert in HF. In the electrolyte, ethanol is added to the HF to act as a 
surfactant to prevent bubbles accumulating on the silicon surface. 
Pore formation mechanisms  
Although silicon dissolution mechanisms have been described in the 
previous section, it does not explain why the porous structures form instead of 
complete removal of silicon from the sample surface. Thus, pore formation 
mechanisms are presented here. There are three types of porous silicon 
according to the pore diameter: microporous (d < 2nm), mesoporous (2nm < d 
< 50nm), and macroporous (d > 50nm). The formation of different types of 
porous silicon for p-type silicon etching largely depends on the wafer 
resistivity. For low resistivity wafers (< 0.1 Ωڄcm), mesoporous silicon usually 
forms. Medium resistivity (0.1 -5Ωڄcm) wafer forms microporous silicon and 
high resistivity wafer (>5Ωڄcm) forms macroporous silicon. The pore 
formation mechanisms are different for different types of the remaining porous 
silicon skeleton. 
Essentially, pore formation is due to the passivation of the pore walls and 
the continuous etching of the pore tips (Fig. 2.13 a). For microporous silicon, 
the passivation is mainly caused by the quantum confinement effect which is 
induced by the nanometer size of the remaining silicon skeleton [65]. 
Quantum confinement forces the electron states of the silicon skeleton to 
become discrete. This lowers the minimum of valence band and raises the 
maximum of conduction band (Fig. 2.13 b). Holes in bulk silicon are less 
likely to overcome this passivating barrier surrounding the silicon skeleton 
under a fixed voltage supply. Thus, holes are more easily accumulated at the 
pore tips to induce reaction rather than entering into the pore walls. In this 
case, pore walls are passivated while the pore tips are etched, resulting in the 
porous structures growing deeper and deeper in to the silicon bulk. 
 




Figure 2. 13: (a) Cross-section schematic of porous silicon (b) Band diagrams 
because of quantum confinement effect. (c) From [66], sketch of space charge region 
in p-type silicon electrode. 
 
For mesoporous silicon and macroporous silicon, the pore formation mainly 
depends on how the holes pass through the space charge region (SCR), 
reaching the interface of the silicon and electrolyte to initiate the etching 
reaction. There is a depletion region on the semiconductor electrode located 
near the interface with the electrolyte. A bias voltage can make this region 
thinner. The width of the space charge region depends on the interface 
geometry, thinnest at the pore tips (Fig. 2.13 c). If the silicon walls have been 
etched to a thickness that is less than two times of the width of the space 
charge region, the walls are passivated. The holes can only breakdown the 
space charge region at the pore tip to reach the interface, initiating the etching. 
In low resistivity wafers, where the space charge region is very thin, the 
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breakdown is dominated by tunneling of charge carriers, results in mesoporous 
silicon [67]. In high resistivity wafers, the space charge region is relatively 
thick, this effect is mainly due to charge carrier diffusion [66, 68]. 
If the current density flowing through the silicon wafer exceeds the critical 
current density, JPS, the holes have enough energy to overcome the barriers 
induced either by quantum confinement or by the space charge region. The 
silicon walls will then be completely etched away, leaving a smooth, 
machined silicon surface. This behavior is useful for making free-standing 
porous silicon films. After electrochemical etching to form porous silicon 
layer, the current density is raised above JPS, removing a layer of silicon atoms 
at the porous silicon base. This results in detachment of the porous silicon 
layer from the bulk substrate, leaving a free-standing porous silicon layer. 
2.3.2 Ion irradiation on silicon and the effects on etching 
process 
High energy light ion irradiation of a crystal, such as silicon, damages the 
lattice structure, inducing vacancies and other defects along the trajectory (Fig. 
2.14 a). Ions stop at a certain depth corresponding to their energy. The area 
close to the end of depth is called the end of range region. The defect density 
is typically ten times higher in the end of range region than at shallower depths. 
These defects acts as trap levels, so charge carriers undergo recombination 
there. Hence, the irradiated regions have a higher local resistivity and a lower 
hole density. Since a hole is necessary to initiate the electrochemical etching 
process, in these regions, the etching process is slowed down or completely 
stopped.  
    This is the essence for the nano-scale silicon machining method used in this 
thesis. The etching condition depends on different ion energies and fluences, 
which can be summarized as follows: 
1. With low fluence irradiation (Fig. 2.14b-ion beam 1), the etching rate 
is slowed down at the irradiated region. Since the defect density is not 
enough to stop etching, all the parts are etched and form porous 
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silicon, only the underlying silicon substrate profile is machined. In 
the irradiated regions, porous silicon is formed with a higher porosity, 
due to the dual effect of irradiation induced increase of local 
resistivity and current funneling. This is to be presented in details in 
chapter 5. 
2. For a moderate fluence (Fig. 2.14b-ion beam 2), only the defect 
density at the end of range is high enough to stop etching and form a 
silicon core, while other parts along the trajectory are etched. The 
underneath silicon substrate is also machined due to the non-uniform 
etching rate caused by irradiation. 
3. With a higher fluence (Fig. 2.14b-ion beam 3), not only the end of 
range region, but all the irradiated column stops etching, so a silicon 
column is formed. 
4. The ion penetration depth depends on the beam energy. By reducing 
the energy (Fig. 2.14b-ion beam 4), structures at a shallower depth 
can be fabricated and hence with smaller height. 
5. A line irradiation on the sample surface with a high fluence will 
extend the silicon column to form a silicon wall, while a moderate 
fluence results in a silicon wire. The silicon wall is usually used as 
support for structures at a shallower depth. After removing the porous 
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Figure 2. 14: (a) Cross-section schematic of ion beam irradiation and defects 
distribution (b) Irradiation influence on electrochemical etching with time evolution. 
The irradiation fluence increases from beam 1 to beam 3 with the same energy, thus 
the arrow sizes becomes bigger from 1 to 3. Beam 4 represents a smaller energy 
beam with the same fluence as beam 2. (c) Sketch of free standing silicon wire after 
removal of porous silicon, which can be fabricated using line scan by beam 3 and 4. 
 
In conclusion, this chapter provides the relevant background information of 
facilities and experimental principles underlying the work done in this thesis. 




Chapter   3 
Simulation of ion irradiation and 
electrochemical etching of silicon 
 
 
This chapter is devoted to simulation studies, which can provide and predict 
the capabilities of the experiments. The motivation for this chapter is to find 
the proper experimental irradiation and electrochemical etching conditions for 
fabricating nanostructures in silicon. I first studied proton beam irradiation in 
silicon followed by comparison with helium ions. In the experiments of 
nanostructured irradiation, a new definition for the physical parameter 
“fluence” is defined to better understand the experimental results in the 
following chapters. This new definition must be the proper definition if one is 
working on fabrication of nanostructures by means of ion irradiation. Finally, 
simulation of the hole current transport during the electrochemical etching step 
gives a better understanding in fabricating nanostructures. 
3.1 SRIM simulation of irradiations with protons and 
helium ions  
Hydrogen ions (H+), also named protons, and single charged helium ions (He+) 
are commonly used in my laboratory. Their trajectories, scattering and induced 
defects are compared in this section to give a clear guideline of how they 
might be used under experiment operations. Simulation is carried out using 
SRIM (Stopping and Range of Ions in Matter)  [48] code. 
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Figure 3. 1: SRIM simulation of beam trajectories for irradiation on a silicon wafer 
with (a) helium ions and (b) hydrogen ions. (c) Penetration depth in silicon versus ion 
energy using helium and hydrogen ions irradiation are plotted. (d) Increased ratio of 
penetration depth (protons / He+) versus ion energy. (e) Penetration depth in silicon 
versus nucleon energy. (f) Ratio of penetration depth (He ion / protons) versus 
nucleon energy. 
 
When high energy ions irradiate a silicon crystal, they penetrate into the 
sample and stop at a certain depth depending on their energy. Hydrogen and 
helium ions with the same energy (2 MeV) irradiating silicon are simulated in 
Fig. 3.1a, b. The beam axis is on the horizontal (x) axis, and the figures show 
the beam trajectory on the x-y plane, where y is the direction parallel to the 
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surface. At the beginning of their trajectory, both kinds of ions maintain a 
straight path with a very small scattering angle. With increasing penetration 
depth, their energy reduces and the collision probability increases. Hence, the 
scattering angle increases with depth. The ions come to rest at the end of range 
region with a relatively large lateral range.  
Although the beam trajectory profiles of both ions are very similar, the 
penetration depth differs a lot. The depth increases almost linearly with 
increasing ion energy, but helium ions penetrate much shallower than protons 
(Fig. 3.1 c). The ratio between a proton’s penetration depth and that of helium 
is around 1 at energies less than 100 keV and increasing rapidly with ion 
energy (Fig. 3.1 d). This is because a helium ion has 4 times the mass of a 
hydrogen atom, which means, for the same energy, helium ions have only half 
of the velocity of protons. This leads to larger stopping power and shallower 
penetration depth. Therefore, to fabricate high aspect ratio structures or 
supporting structures which need deeper penetration depth, proton is 
preferable.  
    However, if the incident velocity is the same, meaning the nucleon energy is 
the same, helium ions have 4 times the energy of protons since helium ions 
consist of 4 nucleons. The penetration depth is comparable for protons and 
helium ions, shown in Fig. 3.1e. Helium ions penetrate more than two times 
deeper than protons when with equal nucleon energy which is less than 100 
keV, the ratio between them reduces rapidly with increasing nucleon energy 
and tends to a factor of 1 (Fig. 3.1f). The explanation is that the different 
atomic structures give rise to different charge state occupations and hence 
different stopping forces and corresponding fluctuations. For energies in MeV 
regime, stopping force of energetic ions is mainly based on the work of Bethe 
and Bloch with proper corrections [69]. This model requires constant ion 
charge, thus, not available at low energies, since at low energies, the ions may 
capture electrons from target and partially neutralize the charge which gives a 
lower stopping force and hence longer range. In addition, increasing scattering 
cross sections and decreasing maximum energy transfer for low energetic light 
ions also lead to the stopping power differs a lot, compared to high energy 
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ions. The different ion irradiation behavior at low energy has been studied by 
many groups [70, 71]. Because of these differences, the ratio of penetration 
depth between helium ions and protons with the same velocity varies a lot at 
low energies but tends to 1 at high energies (Fig. 3.1f).   
In order to fabricate structures of nanometer sizes, lateral scattering effects 
are a very important factor. This determines the lateral size of the end-of-range 
region where most defects are produced, and finally influences the size of the 
structures produced. The smaller the lateral scattering, the easier it is to make 
fine feature sizes. Assuming perpendicular incidence along the x axis to the 
target, the ion distribution spreads out with azimuthal symmetry. The lateral 
projected range is defined as the average of the absolute values of the 
projected lateral displacements from the x-axis at the end of range region. 
    Lateral projected range:          ∑ |ݕ௜|௜ ܰ ൌ൏ |ݕ௜| ൐⁄  
N is the number of ions calculated.   
 
Figure 3. 2: SRIM simulation of ion lateral projected range varying with penetration 
depth in silicon 
The lateral projected range is a meaningful concept for irradiating line 
patterns or determining the spreading effect on the edge of irradiated patterns. 
Both helium and hydrogen ions with different energies are simulated (Fig. 3.2). 
Since I usually attempt to fabricate structures at a certain depth in silicon, the 
curve shows the lateral projected range versus penetration depth. As is obvious 
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for both ions, the lateral projected range reduces with decreasing ion range, 
which also means with decreasing ion energy. Thus, low energy irradiation is 
better for nanostructure fabrication. As a comparison between hydrogen and 
helium ions, for penetration depths greater than ~5 µm, helium ions have a 
smaller lateral projected range than protons. However, protons are superior to 
helium ions at shallower penetration depths. In summary, to fabricate 
nanostructures with small lateral scattering effect, low energy proton 
irradiation is more suitable. 
High energy ion beam irradiation causes damage to the lattice structure in a 
silicon wafer. The defects produced along the trajectory is the key factor used 
in the process to slow down the subsequent etching step and realize silicon 
machined structures (described in section 2.3.2). Hence, defect production is 
also simulated using SRIM and both ions are compared (Fig. 3.3).  Fig. 3.3a 
and b show defect density (number/Angstrom-Ion) generated by 10,000 2MeV 
ions incident perpendicular to a silicon surface. It is clearly observed that the 
defect density increases more than ten-fold at the end of range region for both 
protons and helium ions. Furthermore, the density for helium ions is much 
higher than protons.  
By integrating the defects density along the trajectory for each plot 
respectively in Fig. 3.3a, b, the total number of defects produced by each ion is 
achieved. This data relates to the total resistance changes along in the whole 
irradiated trajectory, rather than a change in the resistivity which is more 
linked to the local defect density at a particular depth. Considering the effects 
of irradiation in subsequent electrochemical etching, we were uncertain which 
factor is more important - a change in material resistance or the change in 
resistivity. Thus, it is meaningful to investigate the resistance changing first. 
Again, in order to guide the experimental operation, the number of defects 
generated per incident ion versus ion penetration range is plotted in Fig. 3.3c. 
The defects created per ion increase with ion range. In addition, helium ions 
generate many more defects than protons of the same range due to their larger 
mass and higher probability of collision. The ratio of defect generation 
between helium ions and proton increases to a peak of ~12 at a depth of 0.5µm, 
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then decreases with statistical fluctuations to a value of about 9.5 at larger 
range (Fig. 3.3d). Therefore, using proton irradiation to achieve the same 
effect of helium irradiation takes a much longer time, but does enable more 
accurate control of ion fluence since the average effect of longer irradiation 
time can balance the effects due to any beam fluctuations. However, for 
fabrication of supporting structures which need very high fluence, helium ions 
have the great advantage of saving experimental time on the accelerator. 
 
Figure 3. 3: SRIM simulation of defects density distribution in silicon irradiated by 
2MeV (a) helium ions and (b) protons. (c) Defects produced per ion versus ion 
penetration range. (d) The ratio of defects produced per ion (He+/ protons) versus 
penetration range. (e) Defects produced per nucleon varying with nucleon energy. (f) 
The ratio of defects produced per nucleon (He+/ protons) versus nucleon energy. 
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The production of defects is also compared with respect to nucleon energy 
(Fig. 3.3 e), meaning for helium ions, the total defects produced as well as the 
energy are divided by 4. Helium ions and protons with the same nucleon 
energy have equal incident velocity.  The trend is similar for both ions: defects 
created per nucleon increase with nucleon energy since deeper penetration 
depth and greater energy transfer to target atoms. The ratio of defects between 
the same velocity helium ions and protons decreases with nucleon energy (Fig. 
3.3f). With the same incident velocity and same mass, nucleons in helium ions 
still produce more defects than protons due to the higher collision probability 
of heavier helium ions. 
3.2 SRIM simulation for nanowire irradiation and the 
definition of line fluence 
The standard unit to quantify the number of ions used for irradiation is the 
areal fluence, defined as the number of ions incident upon a unit surface area, 
in units of ions/cm2. This definition is ideal for irradiating large areas where 
the effects of irradiation are laterally uniform. However, if the irradiated 
surface line width is similar to or smaller than the size of ion lateral straggling 
at the end-of-range, the definition of fluence is not adequate for describing the 
relationship between irradiation and the resultant wires formed at the end of 
range.  
    This can be interpreted as follows: During a large area irradiation, the defect 
distribution across the end-of-range is almost the same as the irradiated area 
on the sample surface, just a few hundred nanometers larger due to lateral 
scattering (Fig. 3.4a-left). Thus, the areal fluence, which describes the density 
of ions on the irradiated area on the surface, also indicates the density of ions 
in the defect distribution area at the end-of-range, revealing the defects density 
produced to some extent. However, during irradiation with a highly-focused 
beam of width 100 nm, the defect distribution is much wider than the surface 
irradiated area (Fig. 3.4a-right). In addition, the ratio between the defect 
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distribution area and the surface irradiated area even varies with the size of the 
irradiated area and the scattering. Due to  the very obvious spreading effect 
which is not included in the areal fluence, areal fluence is not precisely related 
to the defect density at the end of range for highly-focused irradiation. Since 
the defect density at the end of range is a key factor influencing the resultant 
silicon structures, the areal fluence is not a suitable parameter to predict the 
resultant nanostructures from nano-irradiation.  
 
Figure 3. 4: (a) Schematic of large area irradiation and nano-size area irradiation. 
(b) Average defect density within the end-of-range region versus irradiated surface 
line width for 50 keV, 250 keV and 1 MeV protons for a fixed fluence. 
Fig. 3.4b shows the defect density in the center of the end-of-range region 
with a fixed areal fluence, varying ion energies and varying surface irradiated 
feature sizes. For the same feature size, the defect density (defects/cm3) is 
 
Chapter3   Simulation     
41 
 
decreasing with increased ion energy, contradicting Fig. 3.3c where the total 
defects produced per ion increases with ion energy. This means, for lower ion 
energy, the change in local resistivity at the end-of-range is larger, while the 
change in resistance is smaller compared to higher energies. 
For a proton beam energy of 50keV the defect density starts to drop for line 
widths of less than 200 nm. Larger straggling at higher proton energies results 
in defects distributed over a larger distance away from the beam axis (Fig 3.2), 
so the reduction in defect density is more pronounced at higher energies.   
Therefore, a more useful parameter is necessary for nano-scale irradiation, 
which we name the line fluence, given by the number of ions used for 
irradiating a line of zero width per centimeter of line length, in units of 
ions/cm. This definition is independent of the irradiated line width on the 
surface and it simplifies the experimental aspects of fabricating small wires 
since the only parameters are the total number of ions used, with their energy 
and type. This new parameter is useful and has been verified by experiments 
in the following chapters. 
3.3 COMSOL simulation of etch current flow for low 
energy irradiated silicon 
In order to gain a better understanding of the electrochemical etching of 
irradiated silicon, a simulated study of current flow at proton irradiated areas 
has been carried out. Although they are not a complete guide as they do not 
take account of the actual interface region between silicon and HF electrolyte 
where the electrochemical etching occurs, nor the time evolution of the etch 
front, these simulations are still useful in qualitatively predicting the current 
flow for a given pattern of irradiation. This part was performed in 
collaboration with the group at the University of Torino, with Prof. Ettore 
Vittone and Dr. Jacopo Forneris. 
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3.3.1 Simulation for 250 keV proton irradiated silicon  
A proton beam with an energy of 250 keV is assumed to have a Gaussian 
lateral profile of 100nm FWHM, and an effective displacement energy of 15 
eV for ions in silicon. The vacancy density generated per single ion from a 
delta-like point source was simulated by SRIM. The vacancy density vG(x,y) 
for a Gaussian beam was calculated by the convolution of a Gaussian profile 
with the SRIM results. The two dimensional vacancy density generated by an 
irradiation with a line fluence Ψ is then given by VG(x,y)= vG(x,y)· Ψ.  
    The ion induced vacancies influence the acceptor concentration NA in p-
type silicon wafer by a fraction of f. This fraction of vacancies behaves as 
donors and compensates the native acceptor concentration, giving an effective 
acceptor concentration NAeff, [72] according to: 
                      NAeff = NA – f· Ψ · vG(x,y) = NA – f ·VG(x,y)     
    In the simulations, a constant line fluence Ψ = 6·1010cm-1 is considered, and 
the f value is changed to equivalently study the effect of different line fluences. 
The line fluence regime in experiments is not high enough to induce any 
inversion of doping, therefore, the maximum value of f for simulation is 
determined in order to maintain the material p-type. For irradiation of 0.4 
Ωڄcm wafer (doping density (NA = 4.8×1016 cm-3), within central core at the 
end of range region, such a maximum value of f is 7.7×10-5. This gives NAeff = 
5×1015 cm-3, equivalent to ρ ~5 Ωڄcm, an increase by a factor of ~10 compared 
to the surrounding unirradiated area. Since irradiation changes the charged 
impurity concentration, the calculated mobility within the core varies from an 
unirradiated value of 325 cm2/Vڄs (f = 0) to 220 cm2/Vڄs (f = 7·10-5) [73]. 
Evaluation of the two-dimensional hole current map flowing around an 
irradiated region was performed by solving the Poisson’s and the continuity 
equation using a finite element method-based commercial package-COMSOL 
[74]. There is a constant positive potential, Vbias, at the bottom surface and the 
top surface is grounded to simulate the starting condition of etching. The 
movement of grounded surface, meaning, the etching front movement is not 
considered. There are two types of current which need to be considered, drift 
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current and diffusion current. The drift current is driven by the applied 
electrical bias, flowing from back surface to front surface. Diffusion current 
arises from the gradient of effective doping concentration, which plays an 
important role in the etching of the irradiated silicon cores.  
During experiment, a total current density Jtotal, the sum of the drift and 
diffusion currents, is considered to be 40 mA/cm2 for 0.4 Ωڄcm wafers and 60 
mA/cm2 for 0.02 Ω.cm wafers. Thus, for the simulation domain of 10 μm 
thickness, an equivalent value of bias is applied to realize the same current 
density. Vbias equal to 1.6×10-5 V for 500 μm thick 0.4 Ωڄcm wafer, and 
changed to 1.2×10-6 V for 275 μm thick 0.02 Ωڄcm wafer.  
 
Figure 3. 5: (a) Maps of VG(x,y) for a 250 keV proton with line fluence of  6×1010 
ions/cm and nominal beam size of 100 nm for  a single line. (b) NAeff for 4 identical 
irradiated lines with period of 1.7 μm for f = 7×10-5 in 0.4 Ω.cm wafer. (c) Colour 
map of the potential and Arrow plot of the diffusion current in 0.4 Ω.cm wafer. 
    Fig. 3.5a shows the density of vacancies around the irradiated regions 
induced by 250 keV protons with a fixed line fluence of 6×1010 ions/cm. The 
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resultant effective acceptor concentration is shown in Fig. 3.5b. One observes 
a reduced acceptor concentration at the irradiated region, reaching a minimum 
within the core where the vacancy density is highest. The diffusion current 
then flows from the high acceptor concentration region to lower acceptor 
concentration region. Thus, the diffusion current flows from unirradiated area 
to the center parts of irradiated regions, indicated by the arrows in Fig. 3.5c 
where the potential map of irradiated wafer is also shown. With a bias, the low 
accepter concentration regions have a higher potential (Fig. 3.5c). 
 
Figure 3. 6: Zoomed in maps of potential (color scale on the right) and current 
streamlines for (a) f = 10-6 and  (b, c) f  = 7×10-5, for left column: Jtotal, and right 
column: Jdrift. (a),(b) 0.4 Ω.cm wafer, (c) 0.02 Ω.cm wafer; line period 1.7 μm. Five 
rightmost cores are shown out of the array of eight irradiated lines, encompassing 
the outermost core at the right side and the central ones at the left side. (The 
streamlines terminate within the material for some cases since the variation of 
grounded surface, that is, the etching front was neglected in simulations.) 
    Fig. 3.6(a) and (b) shows the corresponding maps of the electrostatic 
potential and total current, Jtotal (Left) , drift current, Jdrift (right) streamlines 
under the influence of Vbias for the 0.4 Ω⋅cm wafer. The higher potential in 
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core center sets up a counter electric field which hinders the penetration of the 
drift current stream lines through and between the end-of-range regions. Jdrift 
tends to zero progressively with increasing fluences (increasing f). At a low 
fluence (f = 10-6), the total current streamlines, Jtotal, flow almost undeflected 
through and between lightly irradiated end-of-range regions, but at higher 
fluences they converge towards the end-of-range regions. This effect is mainly 
induced by diffusion current shown in Fig 3.5(c). This indicates that the 
current is focused towards the high defects density region, which may cause 
formation of porous silicon layer with higher porosity due to the high current 
density and increased resistivity. We name the phenomenon as current 
funneling effect, which is explained and applied in the following chapter. 
 
Figure 3. 7: Zoomed in maps of potential (color scale on the right) and current 
streamlines for f = 7×10-5, for left column: Jtotal, and right column: Jdrift. (a)0.4 Ω.cm 
wafer, (b) 0.02 Ω.cm wafer; line period 0.9 μm. Five rightmost cores are shown out 
of the array of eight irradiated lines, encompassing the outermost core at the right 
side to the central two cores at the left side. 
For f = 7×10-5, one observes a significant lateral distance (about ± 700 nm), 
over which Jtotal is deflected towards the cores, leaving only a narrow region 
between the cores where a net current still flows towards the surface. (Fig. 3.6 
b). On reducing the irradiation period to 0.9 μm (Fig 3.7(a)), all the 
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streamlines for Jtotal are deflected towards the core, which indicates that for a 
given bias, and a given fluence there is a minimum separation between 
irradiated cores, below which no current flows between or through them, so no 
etching is expected to occur across the irradiated region at the core depth. This 
is important to understand the experimental results in chapter 4. 
While in a lower resistivity wafer with the same f as in Fig. 3.6b (Fig. 3.6 c 
and Fig.3.7 b), the deflection effect is weaker and more current can flow 
through narrow gaps between irradiated regions to etch the gaps. This means, 
the dense structures in low resistivity wafer is much easier to be separated 
clearly.   
3.3.2 Simulation for 50 keV proton irradiated silicon 
The simulation was also done for irradiation by 50 keV protons. All the 
simulation principle and parameters keep the same as before, only the energy 
of the beam is changed.  Comparing with the simulation results from a 250keV 
protons irradiated sample, the current behavior is almost the same in Fig. 3.8. 
The high potential region is limited to a much smaller area, which leads to 
higher gradient. Since the potential gradient is caused by an effective acceptor 
concentrations variation which drives the diffusion current, the diffusion 
current plays a more important role in low energy irradiation. The total current 
is not only deflected towards the core center, but also to the upper column of 
the ion trajectory for high fluences (Fig. 3.8 b and 3.9 a). Due to this kind of 
current deflection, although the period is reduced to 0.9 μm in Fig. 3.9, the 
current flow between core centers still can be observed (arrow). Therefore, 
low energy irradiation can result in better distinguished gaps between 
irradiated structures, and smaller silicon cores can be achieved because of the 
current flow and etching surrounding the irradiated core regions. 
 




Figure 3. 8: Zoomed in maps of potential (color scale on the right) and current 
streamlines for (a) f =3×10-6 and (b, c) f = 7×10-5, for left column: Jtotal, and right 
column: Jdrift. (a),(b) 0.4 Ω.cm wafer, (c) 0.02 Ω.cm wafer; line period 1.7 μm. Five 
rightmost cores are shown out of the array of eight irradiated lines, encompassing 
the outermost core at the right side to the central two cores at the left side. 
    In summary, lower energy irradiation can result in smaller minimum gaps 
and smaller unetched cores due to a more localized vacancy distribution and 
more important role of diffusion current. 
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Figure 3. 9: Zoomed in maps of potential (color scale on the right) and current 
streamlines for f = 7×10-5, for left column: Jtotal, and right column: Jdrift. (a)0.4 Ω.cm 
wafer, (b) 0.02 Ω.cm wafer; line period 0.9 μm. Five rightmost cores are shown out 
of the array of eight irradiated lines, encompassing the outermost core at the right 
side to the central two cores at the left side. The arrow indicates the current flow 
between irradiated cores. 
In conclusion, the differences of simulated behavior in different resistivity 
wafers are as follows: the diffusion current is more important in lower 
resistivity wafers where NA is large and NAeff can vary widely. A smaller 
minimum gap is achievable in lower resistivity wafer since it is difficult to 
completely stop total current flow through irradiated cores (comparing Fig. 3.7 
a with 3.7 b). The ion induced potential, that is, the counter electric field at the 
end-of-range regions in higher resistivity wafers is large, since NA is small. 
Thus, drift current through the end-of-range regions is strongly affected. This 
causes high distortion of current flow around end-of-range regions in higher 
resistivity wafers compared to the lower resistivity wafer where lines of 
current tend to flow through the end-of-range regions rather than being 
deflected around them. Therefore, one may consider wire formation at these 
conditions in the 0.4 Ωڄcm wafer being dominated by drift current and that in 
the 0.02 Ω.cm wafer by diffusion current. 
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This chapter presents the results of experimental studies which reveal the 
relationship between the achievable silicon nanostructures and experimental 
parameters. The parameters during ion irradiation, such as ion energy and line 
fluence are investigated first. The pattern design and locations within 
irradiated patterns are important factors to be tested subsequently. The 
influence of wafer resistivity is discussed among different sections. Lastly, the 
current density during the etching step is studied. A better understanding of 
these factors has enabled us to produce wire diameters and gaps between 
adjacent wires of about 50 nm using 50 keV protons. Multilayer silicon 
nanowire arrays are also achieved in this chapter, so extending the use of this 
process to three dimensional nano-scale silicon machining. 
Although the silicon machining method described in this thesis has been 
used to fabricate multimode waveguides [54, 75] and to create three-
dimensional patterned surfaces [76], these structures are all of micrometer size.  
However, to fabricate single mode silicon waveguides, wire diameters of 300 
to 400 nm are required [77], which were not previously achieved by this 
approach. Furthermore, the inability to use high-energy, high fluence ion 
irradiation followed by electrochemical etching for etching gaps smaller than 2 
μm between irradiated lines was previously discussed [78]. This limited 
further application since it precluded the ability to couple near infra-red light 
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between adjacent waveguides, or into resonator structures, both of which 
require gaps of the order of a hundred nanometers or less.  
Here, using low energy irradiation, 50 keV protons, the much smaller lateral 
scattering of ions compared to high energy ions (Fig. 3.2) and the proper way 
of modeling etch current flow (simulated in chapter 3.3.2) enable silicon 
nanostructures with size of less than 100 nm to be fabricated.  
 
Figure 4. 1: Schematic of experimental steps of silicon nano-machining for (a) high 
energy and (b) low energy ion beam irradiation. 
 
The major experimental steps are summarized in Fig. 4.1. During the 
irradiation step, 1 MeV and 500 keV and 250 keV irradiation was done by 
proton beam writing (Fig. 4.1a). For lower ion energies, direct writing is not 
suitable as beam transmission through the accelerator is low and focusing 
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becomes more difficult. For proton irradiation at an energy of 50 keV, I used 
electron beam lithography to first pattern a 1000 nm thick PMMA layer with 
line widths of 90 nm. Resist-coated wafers were then irradiated using a large 
area irradiation facility at the 45° beam line which ensures uniform irradiation, 
with no undesirable variations in fluence associated with any beam current 
fluctuations. The accelerator operates at a terminal voltage of 100 kV, giving 
100 keV molecular hydrogen ions, H2+. When H2+ ions impact on the sample 
surface, they break into two 50 keV protons which have a range of about 470 
nm in silicon and 820 nm in PMMA. The PMMA layer is therefore thick 
enough to stop 50 keV protons. So the only wafer portions irradiated are 
through the 90 nm wide e-beam exposed areas.  
    The p-type silicon wafers used in my group have a range of resistivity, from 
 = 0.02 cm (doping density NA = 4.8×1018 /cm3), to 0.4 cm (NA = 
4.8×1016 /cm3). Lower resistivity wafers are ideal for machining different 
surface topography, such as patterned distributed Bragg reflectors [79], 
concave micromirrors and holographic surfaces due to the lower surface 
roughness after etching. Higher resistivity wafers are more suitable in silicon 
photonics where the lower doping density gives lower scattering losses from 
free carriers. 
    Electrochemical etching is performed using a dilute electrolyte of HF (48%): 
ethanol in the ratio of 1:1, with a standard current density of 40mA/cm2 for 0.4 
cm wafer and 60mA/cm2 for 0.02 cm wafer. The samples are then rinsed 
in ethanol and dried in air. 
4.1 Ion energy 
From the simulation results in chapter 3, I concluded that lower energy ions 
have a smaller lateral scattering (Fig. 3.2). Futhermore, for a lower energy 
beam, the higher defect density at the end of range region enables a smaller 
line fluence to be used to achieve the desired defect density. Here, some 
irradiations were done by different ion energies to investigate this behavior in 
detail. 
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Figure 4. 2: Cross-section SEMs of individual wires in 0.4 cm wafer for (a) 50 keV 
protons with a line fluence of 3.2×109/cm and (b) 500 keV protons with a line fluence 
of 3.5×109/cm. All are electrochemical etched in 24% HF with the current density of 
40mA/cm2. 
 
Silicon wires were fabricated in a 0.4 cm wafer with comparable line 
fluences and the same etching conditions (Fig. 4.2). The period is large 
enough so that they undergo etching as isolated wires and are not influenced 
by proximity of other irradiations. Low energy ions result in a much bigger 
and solid silicon core, while for high energy ions the core region is almost 
etched away, appearing as a dark porous silicon region indicating higher 
porosity (Fig. 4.2b insert) and a small silicon tail located at the bottom center 
of the core region.  
As discussed in Fig. 3.4b, a low energy beam results in a higher defect 
density than a high beam energy. However, Fig. 3.3c indicates that a low 
energy beam produces less total defects along the trajectory. That means a low 
energy beam induces a higher change of local resistivity but lower change of 
resistance. From the experimental results, the low energy ion irradiated area is 
more able to prevent etching than high energy, forming a solid silicon core. 
Therefore, I conclude that the change of resistivity is more important to the 
observed etching behaviour than the change of resistance in effecting the 
electrochemical etching step. Ion irradiation is more efficient at low energy.  
The large scale of dark porous silicon region which is produced using high 
energy irradiation is also an evidence of much larger lateral scattering effect 
compared to low energy ions. For fabricating small period structures, the 
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overlap of these lateral scattering regions reduces the achievable pattern 
resolution. Therefore, low energy ions are more suitable for nanostructure 
fabrication. By varying other parameters, the silicon core size can be shrunk 
and well controlled. 
4.2 Line fluence 
Figs. 4.3 and 4.4 show the resultant silicon wires by 50keV proton irradiation. 
With a higher line fluence, the defect density at the core center increases. It is 
more effective at preventing the drift current from flowing through these 
regions during etching and leads to larger silicon cores. For a 0.4 cm wafer, 
the core diameter increases from 100nm to 360nm over this range of line 
fluences (Fig. 4.3). For a 0.02 cm wafer, the diameter increases from 200nm 
to 500nm with increasing line fluence (Fig. 4.4). By comparing Fig. 4.3b with 
4.4a, one observes that a low resistivity wafer results in larger silicon core 
with the same line fluence for low energy irradiation. 
    The variation of core shape with line fluence is very obvious in both 
resistivity wafers. The simulations in chapter 3 indicate the starting condition 
of etching. However, the time evolution of the etching front also plays an 
important role in determining the final core shape which needs further study. 
Furthermore, the shape variation is also different between 0.4 cm and 0.02 
cm wafers for low energy irradiation. This can be explained qualitatively: 
For 0.4 cm wafers, silicon nanowires with circular cross sections are formed 
at low line fluences (Fig. 4.3a, b). These are the central parts of the end of 
range regions where the defect density is highest, leaving unetched, thus, 
remains as crystal silicon. With a slightly higher line fluence (Fig. 4.3c), not 
only the end of range region, but also the irradiated column have sufficient 
defect density to prevent etching. So a long, triangular shape is formed in Fig. 
4.3c. If the line fluence is further increased, the resistivity of the surrounding 
regions where ions are scattered become sufficiently resistive, enough to 
deflect etch current, leading to a broader, larger silicon core (Fig. 4.3d). For a 
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low resistivity wafer, it is much harder to totally stop the hole current flow 
through the irradiated region and the current distribution is more uniform. 
Therefore, the shape variation is different from higher resistivity wafers. In a 
low resistivity wafer, high energy irradiation results in silicon wires with 
similar cross sections with varying line fluence (Fig. 4.5b) while the shape 
changes considerably for low energy irradiated wires (Fig. 4.4). This is due to 
the shallow depth of these silicon wires produced by low energy ions. With 
increasing line fluence, the cores which would expand with the same shape are 
limited by the wafer surface. Thus, a flat top surface can be seen in Fig. 4.4 b 
and 4.4 c. On further increase of the the line fluence, there is progressively 
less current flowing through the core region to etch the top surface of the 
silicon core, thus, the top surface protrudes upwards in Fig. 4.4d. 
 
Figure 4. 3: Cross-section SEMs of individual wires in a 0.4 cm wafer for 50 keV 
proton irradiations with line fluences of (a) 9×108/cm, (b) 1.3×109/cm, (c) 
1.8×109/cm, (d) 3.2×109/cm. All are electrochemical etched in 24% HF with the 








Figure 4. 4: Cross-section SEMs of silicon wires in 0.02 cm wafer for 50 keV 
proton irradiation with line fluences of (a) 1.3×109/cm, (b) 2.2×109/cm, (c) 
3.2×109/cm, (d) 7.2×109/cm. All are electrochemical etched in 24% HF with the 




Figure 4. 5: Cross-section SEMs of silicon wires irradiated by 500keV proton in (a) 
0.4 cm wafer and (b) 0.02 cm wafer. 
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    Ion irradiation was also carried out using 500 keV protons. The results are 
shown in Fig. 4.5. The wire diameter also increases with line fluence. The 
shape of the cross sections almost remains the same at high line fluences and 
changes a lot over the fluence range from 4×1010/cm to 1.5×1010/cm. Slight 
differences in shapes between the two resistivity wafers is also observed.  
 
Figure 4. 6: Plot of wire diameter versus line fluence for two proton energies 
and two wafer resistivities. 
 
Fig. 4.6 shows the measured diameter of isolated wires which were 
produced by 500 and 50 keV protons in both wafer resistivities. The core size 
increases almost linearly as log10 of the line fluence. For low energy irradiation, 
the core size in both resistivities is comparable, the 0.4 cm wafer results in a 
little smaller core size. However, for high energy irradiation, the low 
resisitivity wafer results in a smaller core size.  
4.3 Proximity of adjacent irradiated pattern 
The effect of the proximity of adjacent irradiated lines that form wires, was 
measured, studying the effect of the period in irradiated arrays. Comparing 
Fig.4.7a and b, although they are irradiated with the same line fluence, the 
wire diameter enlarges from 50 nm to 130 nm with increasing period from 650 
nm to 850 nm. This observation can be interpreted as follows: as the wires 
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become closer together the etch current is forced to flow closer to, or even 
through the wires, thereby leading to a shrinking of core size. This emphasizes 
the important role of proximity of adjacent patterns in determining the final 
size of silicon core, not just the line fluence.  
For the same proximity condition, increasing line fluence produces larger 
and more clearly-defined silicon cores, if comparing Fig. 4.7b with 4.7d. The 
irradiated patterns with higher line fluence have a large defect density at the 
core centers, thus, these withstand the etching process better. I conclude that to 
pattern denser structures in 0.4 cm wafers, a higher line fluence is needed 
compared to patterning isolated wires. The denser the structures locate, the 
higher the line fluence that is required. In this way, silicon nanowires arrays 
with a minimum spacing of 600 nm have already been achieved in Fig. 4.7c. 
 
 
Figure 4. 7: Cross-section SEMs of silicon wires in 0.4 cm wafer by 50 keV proton 
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Figure 4. 8: Cross-section SEMs of silicon wires in 0.02 cm wafer by 50 keV 
proton irradiation with line fluence of 1.3×109/cm and varying periods. 
However, the proximity is not so important in a 0.02 cm wafer. Fig. 4.8 
shows the silicon wire arrays produced with a fixed line fluence but with 
different periods. Although the period increases from Fig. 4.8a to 4.8c, the 
shape and size of the wires almost remain the same. The weak proximity effect 
makes the 0.02 cm wafer more suitable for fabricating dense structures. 
 
Figure 4. 9: Cross-section SEMs of silicon wires in 0.02 cm wafer by 50 keV 
proton irradiation with varying periods and line fluences, which are indicated on 
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    Fig.4.9 shows the approach for fabricating very small gaps in a 0.02 cm 
wafer. The period and line fluence are shown in each figures. As the period is 
reduced from 650 nm to 550 nm, for a fixed line fluence, the gap size reduces 
(Fig. 4.9b, a). As the line fluence is increased, for a fixed period, the gap size 
also reduces (Fig. 4.9b, d). So producing a very small gap is just a question of 
finding the best combination between these two parameters. Gaps of about 50 
nm are circled in Fig. 4.9c. Higher line fluences were used to make the 
resultant wires large enough so that they are not fully dissolved away by the 
passage of etch current through them at small gap sizes. With decreasing 
period (from Fig. 4.9d to c) or increasing line fluence (from Fig. 4.9 a to c), 
the vertical size of the wire reduces in Fig. 4.9c. Again, this is due to the flow 
of current forced through the small gap, resulting in more flowing through the 
silicon wire region, so producing a thinner wire. This effect is not observed for 
the 650 nm line period, as this does not produce such small gaps. 
4.4 Location within an irradiated area 
Eight silicon wires with a period of 1.7 µm were fabricated in a 0.4 cm 
wafer using 250 keV protons (Fig. 4.10). At a high line fluence (Fig. 4.10a), 
wires across the whole irradiated region are not resolved. Just as discussed in 
chapter 4.2, a high line fluence results in large silicon wires which are 
connected together at this periodicity. Only a small etch current flows through 
the gaps between these irradiations, which produces the corrugated top surface.  
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Figure 4. 10: Cross-section SEMs of silicon wires in 0.4 cm wafer by 250 keV 
proton irradiation with line fluences of (a) 2×1011/cm (b) 1×1011/cm (c) 8×1010/cm (d) 
4×1010/cm. Samples are etched in 24% HF solution with the current density of  
40mA/cm2. 
With the line fluence halved (Fig. 4.10b), the wires located at the center are 
well-resolved, producing a symmetric, diamond-shaped cross-section. 
Towards the outer edges of the irradiated region, wires are still not separated, 
as arrowed. This location-dependent effect can be explained as follows: the 
hole current at the center is locally restricted to flow through the gaps and 
separate the wires. However, etching current at the edge has more chance of 
deflecting around the outer edge of the irradiated region and results in 
asymmetric, connected cores. The tail at the core bottom which points inwards 
is also an indication of this kind of current flow. For the same reason, the etch 
rate is non-uniform across the irradiated region, being lowest at the centre and 
increasing towards the outer edges, as seen by the profile of the underlying 
silicon surface. With reducing line fluence, the location-dependent effect 
becomes weaker. The outermost wires are separated in Fig. 4.10c and the tails 
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under the silicon wires do not have an obvious point direction in Fig. 4.10d. 
Identical wires are formed across the row of eight lines with a low line fluence. 
 
Figure 4. 11: Cross-section SEMs of silicon wires in 0.02 cm wafer by 250 keV 
proton irradiation with line fluences of (a) 4×1011/cm (b) 1.4×1011/cm (c) 6×1010/cm 
(d) 3×1010/cm. And for (c), (d) The insets are high magnification of two cores at the 
center. Samples are etched in 24% HF solution with alternative current density of 
40mA/cm2 and 80mA/cm2, with intervals of 20 seconds. 
 
The same irradiation was also performed for a 0.02 cm wafer. By 
alternately etching with a current of 80mA/cm2 and 40mA/cm2, intervals of 20 
seconds, layers of porous silicon with two different porosities were produced. 
They appear as light and darker layers in Fig. 4.11a. This helps to track the 
evolution of the etch front. From the profile of these layers, the non-uniformity 
of etch rate across the eight irradiated lines array is obvious, slowest at the 
center and becomes faster approaching the outer edge. This effect becomes 
weaker with reducing line fluence (Fig. 4.11c, d). In addition, the outermost 
cores are asymmetric and have larger sizes than those located at the center, as 
arrowed (Fig. 4.11b), also due to the non-uniform etch rate. This behavior 
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becomes more pronounced for irradiation with an even smaller period, so a 
huge core appears at the outermost position (Fig. 4.7a). Therefore, the location 
in the irradiated area not only influences the separation and the shape of the 
cores, but also the size of the cores. Similar to the behavior observed in a 0.4 
cm wafer, the influence is weaker for a low line fluence. Identical, uniform 
silicon wires are produced in Fig. 4.11d. 
It is hard to completely stop current flowing through a highly-doped 
material, even by irradiation with a high fluence. All one does is reduce the 
current by ion irradiation. Therefore, one observes from Fig. 4.11c to 4.11d 
that the cores tend to be flatter, since the upper portions are more etched away 
due to reduction of line fluence. A dark shadow is observed (arrowed in the 
inset figures in Fig. 4.11c, d), arising from the different porosity silicon, which 
is also an indication that a portion of the core was etched away.  
Fig. 4.12a shows a cross-section SEM of the electron beam patterned 
PMMA resist, where the spacing between adjacent irradiated lines decreases 
from 1.5 μm down to 300 nm from the outer edge towards the center. The 
lower part shows a higher magnification cross-section SEM of the 
corresponding resultant wires after irradiating a 0.4 cm wafer with a 50 keV 
proton beam line fluence of 1.3×109/cm through the PMMA mask. This line 
fluence results in an isolated wire diameter of ~150 nm in Fig. 4.3b. However, 
here, the wire diameter shrinks from the outer parts to the center part even 
though the line fluence is constant. 
 




Figure 4. 12: (a) upper: cross-section SEM of 1000 nm thick E-beam patterned 
PMMA resist. lower: resultant etched 0.4 cm wafer using a line fluence of 
1.3×109/cm by 50 keV proton irradiation, showing the direction of decreasing line 
period. (b) Resultant etched 0.02 cm wafer using a line fluence of 3.2×109/cm. 
(c),(d) plan view SEMs of the freestanding wires in a 0.4 cm wafer after porous 
silicon removal using short oxidation followed by HF solution dissolving, for line 
fluence of 1.3×109/cm. 
 
    This is due to the combined effect of location and proximity of adjacent 
irradiated patterns.  The closer proximity, which corresponds to a smaller 
period, results in a smaller wire size in a 0.4 cm wafer, as discussed in 
chapter 4.3, while this effect should not be so obvious in a 0.02 cm wafer, 
based on the results in Fig. 4.8. However, a similarly patterned 0.02 cm also 
shows the phenomenon of the wire size becoming smaller in moving from the 
outer part towards the center (Fig. 4.12, the center is at the right side). So the 
location within an irradiated area also influences the diameter of the wires. As 
discussed above, the cores located at the outer edge of an array usually have 
larger size in both resistivity wafers (Fig. 4.7 and Fig. 4.11b). Therefore, the 
conclusion is that, in this kind of structure, the location effect is a main factor 
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that governs the wire size and leads to the same results in both resistivity 
wafers. 
   Additional irradiated lines, 2 μm wide, are seen running perpendicular to the 
narrow lines. After irradiation and etching, the 2 μm lines are not undercut, so 
remain attached to the substrate and the nanowires are attached to them. In this 
case, 2 μm lines act as the support structure. Fig. 4.12c and d show plan view 
SEMs of such structures with the porous silicon removed. For such narrow 
wires as observed here, the usual removal process with dilute KOH destroys 
the lines due to the violent bubbling involved. Instead, first the porous silicon 
was oxidized and then removed using dilute HF, which involves little bubbling. 
The oxidation time is controlled so that there is only enough time to oxidize 
porous silicon which has a silicon skeleton of only a few nanometers thick, but 
has almost no influence on the fabricated nanowires. This enables removal of 
the porous silicon and observation of the remaining wires as freestanding 
nanoscale wires. 
  
Figure 4. 13: AFM scan of 2 μm wide irradiated lines in Fig. 4.12c. 
    In Fig. 4.12d the wires diameter varies from 40 to 60 nm, compared with 
~150 nm for isolated wires under the same conditions. The wire width 
produced by this method typically varies by ±10 nm in diameter over lengths 
of hundreds of nanometers. AFM (atomic force microscope) measurements of 
a 1.5×1.5 μm2 area of the wire support in Fig. 4.12c shows a surface roughness 
of 7 nm (Fig. 4.13). The relatively high roughness is attributed to the use of a 
moderately high wafer resistivity, which results in a rougher surface than 
using the lower resistivity wafers [80, 81], rather than to variations in line 
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fluence along the wire, which are small [82]. We have shown on other similar 
wires that both the roughness and variations in diameter are greatly reduced 
after high temperature oxidation[83]. Thus, the roughness of free standing 
nanowires can be reduced by further oxidation or using a lower resistivity 
silicon wafers.  
4.5 Current density during electrochemical etching 
 
Figure 4. 14: Cross-section SEMs of silicon wires in 0.02 cm wafer by 250 keV 
proton irradiation with line fluence of 5×1010/cm and etching current density of (a) 
300mA/cm2 (b) 30mA/cm2 (c) 3mA/cm2 in 24% HF solution. (Collaborate, form [84]) 
Current density is another important factor to control the size of the wires and 
the gaps between adjacent wires. A higher current density means an increased 
applied voltage, hence, the drift current component is less easily deflected by 
the ion induced potential in the end-of-range region. Therefore, the irradiation 
effect is weakened. Fig. 4.14 shows the effect of varying the current density in 
a 0.02 cm wafer. For a higher current density the wires are more easily 
resolved and a smaller core size is achieved even though the line fluence and 
period are constant. In summary, current density is a factor that can counter 
effects of ion irradiation and should be chosen properly during electrochemical 
etching, so as to achieve the required wire width, shape and gaps. 
4.6 Three dimensional silicon nanowires 
The above processes can be extended to fabrication of three dimensional (3D) 
nanowires, since ion beams with different energies penetrate the silicon wafer 
into different depth, producing multilevel silicon nanostructures. Fig. 4.15 
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shows a schematic of the process of multiple energy ion irradiations. Electron 
beam lithography is used to pattern a 1000 nm thick PMMA layer on top of 
0.02 cm silicon wafer. The resist-coated wafer is then irradiated by 50 keV 
and 250 keV proton beam. The PMMA resist is thick enough to stop the 50 
keV proton beam so only the e-beam exposed parts are irradiated, resulting in 
an end-of-range core region at ~470 nm beneath the surface. The 250 keV 
proton beam can penetrate through the 1000nm PMMA layer, resulting in a 
core region at 1.7 μm beneath the wafer surface, whereas at the e-beam 
exposed areas, the core regions locate at a depth of 2.4 μm. This results in 
three layers of cores, which, after etching, produces a multi-level wire array. 
 
Figure 4. 15: Schematic of multiple energy ion irradiation for fabrication of three 
dimensional silicon nanowires. 
   Fig. 4.16 shows cross-section SEMs of such a multilevel structure. A lower 
resistivity wafer is suitable for this fabrication since dense structures can be 
easily resolved, as discussed before. This is important for structures of a 3D 
geometry where the etch current has to flow between narrow gaps both 
laterally and vertically. With the same fluence, the defect density at the end-
of-range is smaller for high energy ion irradiations compared to low energy 
ones. Thus, to properly form silicon wires, the line fluence of a 250 keV 
proton irradiation must be greater than that of a 50 keV proton irradiation. The 
line width of e-beam pattern, and the period of the lines are shown in each 
figure. 
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Figure 4. 16: Cross-section SEMs of silicon nanowire arrays in 0.02 Ω· cm wafers 
irradiated with 50 keV and 250 keV protons. (a), (b), (c), (d) with fluence of  
2.8×1014/cm2 by 50keV protons and 5.3×1014/cm2 by 250 keV protons. (e), (f), (g), (h) 
with fluence of  3.5×1014/cm2 by 50keV protons and 9×1014/cm2 by 250 keV protons. 
All are etched in 24% HF solution with the current density of 60mA/cm2. 
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    In Fig. 4.16, (a), (b), (c), (d) are fabricated in the same sample; (e), (f), (g), 
(h) are produced in another sample. One sample is irradiated with the same 
areal fluence. The fluence shown here are areal fluence instead of line fluence, 
since the irradiated areas are quite wide. By comparing Fig. 4.16a, 4.16e, one 
observes that the size of wires in the middle row is much more sensitive to the 
fluence of high energy ion irradiation than wires in the lower row. This is 
because the etch current which is deflected around the wires in the lowest row 
produces a larger local etch current directed toward the wires in the middle, 
thus, making them sensitive to the fluence and vary a lot in feature size. This 
again highlights the importance of the location within an irradiation volume in 
determining its etching behavior and final size. 
The patterns in Fig. 4.16e and 4.16f have the same line width. The period is 
larger in Fig. 4.16e than in 4.16f, so enlarging the lateral size of wires in the 
middle row. The vertical size of wires in the middle row decreases while the 
sizes of wires in other rows are comparable. This can be interpreted as the 
larger lateral size of wires in the middle row resulting in more etch current 
flowing through these irradiated regions instead of being deflected around 
them, thus, etching them to be thinner in Fig. 4.16f.   
In Fig. 4.16g, the wires in the middle row are thicker than those in Fig. 
4.16f. The lateral size of them is the same. The enlarged line width in Fig. 
4.16g enables the pattern period to be larger. Thus, the etch current has more 
probability to deflected around the irradiated regions, flowing through the 
gaps between these wires. In that case, the wires are less etched and become 
thicker. These comparisons point out the important role of proximity of 
adjacent irradiated patterns. 
Careful selection of the parameters enabled the wires in the middle row to 
have a cross section of 180nm by 95nm (Fig. 4.16d inset), which is the 
minimum size of nanowires I achieved so far in 0.02 cm silicon wafer. 
These three dimensional arrays of silicon nanowires are self-aligned 
between different rows, which is useful in silicon photonics and for fabrication 
of 3D nanostencils. If more proton energies are used, then even more rows of 
wires can be achieved. 
 





Figure 4. 17: Schematic of the wire formation process during electrochemical 
etching for increasing line fluence and decreasing period of a row of wires produced 
at the end-of-range. 
 
In summary, decreasing line fluence and decreasing period all result in a 
smaller wire diameter and larger gaps between adjacent wires (Fig. 4.17a, b). 
The wires which are located at the center of an irradiated array are more easily 
resolved and have a smaller size compared to those at the edge (Fig. 4.17c). 
When the line fluence is large enough, single irradiations cannot be 
distinguished, producing relatively large silicon structures (Fig. 4.17d). 
    A lower resistivity wafer has the advantage of giving smaller gaps between 
adjacent wires, while wafers with higher resistivity are more suitable to 
fabricate silicon wires with a diameter of hundreds nanometers or even smaller. 
With proper choice of these parameters, both the diameter of wires and gaps of 
50 nm have been produced and I believe that even smaller wires and gaps are 
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achievable using this approach. Free standing, three dimensional silicon 
nanostructures are also achieved. These results open a route to achieving 
densely-packed, three dimensional device structures for use in silicon 
photonics, micro-electromechanical systems and for thermoelectric studies, 
which are difficult to fabricate using more conventional approaches such as 
















Chapter   5 
Enhanced Photoluminescence in ion 
irradiated porous silicon 
 
Ion irradiated silicon undergoes electrochemical etching to form a porous 
silicon layer. The porous silicon formed in the irradiated region exhibits 
enhanced photoluminescence. The phenomena is a confirmation of current 
transport mechanism we observed during electrochemical etching, namely the 
current funneling effect, which provides valuable insight in all fields related to 
charge particle irradiation of semiconductor material. Furthermore, the areas 
emit enhanced photoluminescence with an intensity more than three orders of 
magnitude greater than the surrounding mesoporous silicon, opening the route 
to broad applications.  
    In this chapter, the reasons for the enhanced photoluminescence are first 
presented. Then the factors influencing it are investigated in details. Following 
the observation of enhanced photoluminescence from three dimensional 
silicon nanostructures, I discuss the potential applications and conclude this 
chapter with a short summary. The experimental results shown in this chapter 
were mainly done by the author, including the experiment operation, data 
collection. 
5.1 Mechanism of enhanced photoluminescence 
Porous silicon attracted significant research interest from 1990 onwards when 
it was discovered that it could produce reasonably efficient photoluminescence 
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(PL) at room temperature [85]. Bulk silicon does not exhibit such a 
phenomena due to its indirect band gap, leading to a rare probability of 
electron-hole recombination to release photons. Many models related to carrier 
confinement and surface passivation have been proposed to interpret the origin 
of photoluminescence in porous silicon [85-87]. The quantum confinement 
model is the most widely accepted one, in which electronic states become 
discrete and the band gap varies with the size of the silicon nanostructures 
which give rise to photoluminescence. 
The photoluminescence characteristics of porous silicon enable it to have a 
wide range of potential applications, such as in displays and information 
storage. This motivated us to investigate the influence of ion irradiation on 
photoluminescence.  
After ion irradiation and subsequent electrochemical etching, a significant 
enhancement of photoluminescence is observed along the ion trajectory. Ion 
irradiation induces a higher porosity silicon due to two respects: an increased 
wafer resistivity and a locally increased current density during etching. The 
enhanced photoluminescence is due to the higher porosity silicon produced by 
these two mechanisms. Many groups have studied the strong 
photoluminescence dependence on the high porosity [88, 89].  
In chapter 3.3, I discussed the diffusion etch current arising from varying 
doping concentrations. This current is funneled into the end of range region as 
well as along the ion trajectory due to the large gradient of doping density 
modified by ion irradiation (Fig. 3.5). When superposed with a drift current 
which is deflected away from the irradiated region, the total current is still 
funneled into the silicon core region. This results in high, localized current 
density surrounding irradiated regions. The phenomena occurs in different 
resistivity wafers and for different ion fluences (Fig. 3.6). We named it the 
funneling effect. 
Fig. 5.1 plots the porosity variation with p-type hole density for different 
etch current densities. The porosity increases with current density. Thus, 
higher porosity porous silicon appears surrounding irradiated regions due to 
funneling effect. Also, the porosity is higher in lower-doped wafers when the 
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doping density is less than 2×1019/cm3, which is the regime we used. Since ion 
irradiation locally increases wafer resistivity, i.e. decreases doping density, it 
further increases the final porosity. One can observe from Fig. 5.1, from the 
unirradiated circle to final irradiated circle, the porosity changes a lot due to 
the dual effect of a locally increased current density and an increased wafer 
resistivity. 
 
Figure 5. 1: Porosity versus p-type doping density (from Ref.[90]). 
5.2 Factors influencing enhanced photoluminescence 
Photoluminescence of porous silicon is detected using a Nikon Eclipse Ti 
fluorescence microscope. An ultraviolet source-Nikon intensilight C-HGFI, is 
connected to the microscope. The facility overview and schematic of the 
detection process are shown in Fig. 5.2. Light emitted from the source passes 
through a UV-2A filter set which includes excitation filter, dichromatic mirror 
and barrier filter. The excitation filter with a 330nm-380nm band pass defines 
the wavelength used to excite porous silicon samples. The light is then 
reflected by a 400nm dichroic mirror and focused onto the sample surface. 
Reflected incident light from the sample can be filtered out by a barrier filter, 
so only the photoluminescence (red line in Fig 5.2b) with wavelengths longer 
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then 420nm can pass through the barrier filter and be detected by a camera. 
All the system and software settings are kept the same for every sample and a 
power meter is used to measure total excitation light arriving sample plane to 
ensure the same power.  
    Porous silicon exposed to ambient air undergoes progressive oxidation [91], 
causing the photoluminescence to blue shift and the intensity to vary with 
storage time [92-96]. Therefore, the samples in each comparison are from the 
same batch, that have been subjected to the same storage conditions. 
Figure 5. 2: (a) Over view of photoluminescence detection facility (b) Schematic of 
detection process. 
5.2.1 Line fluence  
P-type 0.02 Ω·cm silicon samples were patterned with 100nm width lines in 
the 10 degree proton beam writing facility. The beam current used was some 
tens of pA, focused to a spot size of 100 nm. Two identical regions, separated 
by 10 μm, were irradiated for each fluence. The irradiated wafer was 
subsequently etched with a current density of 60 mA/cm2 in a solution of 24% 
HF under normal laboratory lighting, giving a typical etch depths of 30 µm, 
well past the end-of-range depth of 16 µm. After rinsing in ethanol for 2 
minutes, the sample was stored in air for one year, then cleaved perpendicular 
to the lines for cross-section imaging. 
    Fig. 5.3 shows SEM, optical and photoluminescence cross-section images 
of a 1 MeV proton irradiated silicon sample. The unetched silicon wires shrink 
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with decreasing line fluences and only a dark, faint region is left at the end-of-
range for a line fluence of 3.5×1010/cm. This is interpreted as high porosity 
silicon, which is more insulating, so emitting fewer secondary electrons than 
surrounding lower porosity silicon in SEM images (Fig. 5.3a). Although a 
fluence of 1.5×1010/cm was also irradiated on the same sample, it is so faint 
that cannot be seen in either SEM or optical image. For larger line fluences 
which result in solid silicon wires, dark regions surround the silicon cores and 
even along the whole ion trajectory for high fluences, such as 5×1011/cm and 
3×1011/cm. 
Fig. 5.3c shows a photoluminescence image with relatively short collection 
time of 300ms. Only the parts surrounding the end-of-range cores exhibit 
photoluminescence (arrows), indicating these areas emit the strongest PL. 
With increasing collection time (Fig. 5.3 d-e), the image becomes 
progressively clearer. By comparing Fig. 5.3e with 5.3a, it is obvious that the 
enhanced photoluminescence originates from the dark porous silicon regions. 
For line fluences of 5×1011/cm and 3×1011/cm, which produce a dark region 
along ion trajectory, the trajectory is also visible in a photoluminescence 
image, while for lower fluences, only the end-of-range regions appear in a 
photoluminescence image.  This is consistent that the dark regions having a 
higher porosity, thus, emitting stronger photoluminescence.  
The photoluminescence intensity is extracted along a horizontal line at the 
end-of-range depth from Fig. 5.3d. The curve is shown in Fig. 5.3f. A 0.02 
Ω·cm wafer typically produces mesoporous silicon which exhibits weak PL 
emission, giving a low background (Fig. 5.3f). For irradiation with high line 
fluences, the photoluminescence intensity is enhanced three orders of 
magnitude compared to the background level. The enhanced 
photoluminescence intensity decreases with line fluence. For a high fluence, 
the PL peak for each irradiation is divided into two sub-peaks (see dashed 
arrows in Fig. 5.3) because of the large, solid silicon cores located at the 
center. Conversely, for a lower line fluence which produces no silicon cores 
(3.5×1010/cm) or the cores that are smaller than the resolution of optical 
microscope (7×1010/cm), only one peak appears (Fig. 5.3f). There are two 
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adjacent cores irradiated with the same fluence, considering the two sub-peaks 
from one core for a high fluence, the 4 sub-peaks are averaged to calculate the 
peak PL value for a high fluence. The photoluminescence peak value for a low 
fluence irradiation is the average of the two peaks coming from the two 
coherent cores. These calculated peak values are shown in Fig. 5.4. 
 
Figure 5. 3: (a) SEM and (b) optical cross-sections of a 1 MeV irradiated 0.02 Ω·cm 
wafer.  (c) (d) (e) photoluminescence images of the same lines with collection time of 
300ms, 1.2s, 3s respectively. (f) Photoluminescence intensity (log scale) extracted 
from photoluminescence image at the depth indicated by the dashed line in 5.3d, the 
corresponding photoluminescence peak are indicated by dashed arrows pointing to 
(f). The solid arrow lines indicate ion irradiation in (a). 
   




Figure 5. 4: Photoluminescence intensity peaks extracted from photoluminescence 
image at the end-of-range depth, varying with the line fluence for different collection 
time. 
 
Fig. 5.4 shows the photoluminescence peak value versus line fluence. For 
different collection times, the horizontal line scan is extracted at the same 
position in the PL image. The PL intensity increases according to the 
collection time ratio with small error form 300ms to 600ms to 1.2s. However, 
it is not the case for collection times of 3s and 6s, the curve profile changes 
and saturates to be a straight line for high fluences. The saturation is due the 
saturation of counts in the detection system, where the maximum number 
cannot exceed 256. Therefore, during experiments, the data is checked to 
ensure the avoidance of such saturation.  
In Fig. 5.4, the peak intensity increases rapidly for a line fluence smaller 
than 1.5×1011/cm then slows down at higher fluences. The phenomena are 
reasonable in that a higher line fluence can produce greater doping gradient to 
induced a stronger funneling current, resulting in higher porosity silicon with 
greater PL intensity. By analyzing the data for a 1.2s collection time, from 
3.5×1010/cm to 1.5×1011/cm with about 4 times increase in line fluence, the 
photoluminescence intensity increases by a factor of 15. From 1.5×1011/cm to 
5×1011/cm with about 3 times increase in line fluence, the PL intensity 
increases only 1.2 times. This indicates the PL intensity saturates with 
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increasing irradiation fluence, due to the saturation of the ability of current 
funneling and resistivity increasing, for a certain etch current density. 
Fig. 5.5 shows the color scale intensity distribution corresponding to Fig. 
5.3d. The strongest PL intensity comes from the upper portion surrounding the 
solid silicon cores, corresponding to the end-of-range depth of 1 MeV protons 
and the horizontal line scan in Fig. 5.3d (Fig. 5.5a). From the 3D image of PL 
intensity in Fig. 5.5b, one observes that the PL intensity at the end-of-range 
region is about 10 times greater than along the initial ion trajectory. This 
profile of PL intensity distribution is similar to this defect density distribution 
along the proton trajectory, shown in Fig. 3.3b. This again demonstrates that 
the enhanced photoluminescence is due to the dual effect of an increased local 
resistivity and a current funneling; the higher the defect density, the stronger 
the funneling effect and the higher the resistivity, thus, the stronger the PL 
intensity.  
  
Figure 5. 5: Photoluminescence image with 1.2s collection time with color scale 
intensity distribution. (a) plan view of the cross-section of irradiated sample and (b) 
(c) zoomed in 3D image of two identical lines with a line fluence of 5×1011/cm. 
Corresponding to Fig. 5.3d. Ion irradiations are indicated by arrows. 
 
Another visual rendition of the 3D image in Fig. 5.5c reveals the 
photoluminescence intensity reduces rapidly from the peak position to the 
bottom of the solid silicon wire. This implies that the current is mostly 
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funneled into the upper part of solid silicon wire, consistent with the SEM 
image where most of the dark porous silicon surrounds the upper part of the 
silicon wire but not the bottom (see Fig. 5.3a). The underlying principle is the 
way of hole current flows. As discussed in chapter 3, the total etch current 
consists of two parts: the diffusion current and the drift current.  The irradiated 
silicon core is not only an induced potential to deflect away the drift current, 
but also a doping gradient to funnel diffusion current towards it. The flow of 
total current is a combination and balance of these two contributions. Thus, at 
the bottom tip of the silicon wire where doping gradient is small due to the 
profile of induced defects, the induced potential dominates and deflects way 
the current, so almost no higher porosity silicon forms here. Conversely, at the 
upper part of the silicon wire, due to the increase of the doping gradient, 
diffusion current becomes progressively important. The balance between 
diffusion current and drift current finally leads to an obvious current funneling 
effect, producing high porosity silicon. 
5.2.2 Irradiation energy  
A 0.02 Ω·cm silicon sample was prepared using the same parameters as in 
chapter 5.2.1, except that it was irradiated with 500 keV protons. The resultant 
silicon wires also shrink with line fluence and have dark, faint porous silicon 
region surrounding them. Enhanced photoluminescence intensity reduces with 
decreasing line fluence (Fig. 5.6c, d). From the horizontal line scan across the 
end-of-range depth, shown in Fig. 5.6e, one observes that even a line fluence 
of 1.7×1010/cm (arrow), which only produces small dark region surrounding 
narrow crystal silicon line, leads to clear enhanced photoluminescence peaks 
that are ~4 times greater in intensity than the background level. 
     
 
  Chapter5   Enhanced photoluminescence  
 





Figure 5. 6: (a) SEM and (b) optical cross-sections of a 500 keV irradiated 0.02 
Ω·cm wafer.  (c) (d) photoluminescence images of the same lines with collection time 
of  3s, 6s respectively. (e) Photoluminescence intensity (log scale) extracted from 
photoluminescence image-Fig. 5.6d, at the depth indicated by the dashed line. 
 
In Fig. 5.7a, similar to the PL induced by 1 MeV protons in Fig. 5.4, the 
peak of PL intensity increases rapidly, then saturates at higher fluences. 
Further observation reveals that the photoluminescence intensity is not 
monotonically increasing with line fluence, but has a peak at 8×1010/cm (Fig. 
5.7a). This can be interpreted as a real physical trend: The current funneling is 
driven by the gradient of the doping concentration in the areas surrounding the 
silicon cores. Since the sizes of silicon cores are varying with irradiation 
   
Chapter5   Enhanced Photoluminescence 
81 
 
fluence, the gradient also changes according to the locations of core edges- for 
a small core, the edges locate near the beam axis, while for a large core, the 
edges locates where the beam is scattered to. Thus, for a certain size of silicon 
core, brighter PL can be produced due to a larger gradient in the regions 
surrounding cores.  
 
Figure 5. 7: (a) Photoluminescence intensity peak at end-of-range depth variation 
with line fluence for different collection time by 500 keV proton irradiation. (b) 
Photoluminescence peak variation with line fluence for 1.2s collection time by 500 
keV and 1 MeV proton irradiation. 
 
However, the peak can be also partially caused by a detection limitation: 
For this line fluence, the horizontal silicon core size is 750 nm. There should 
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be two sub-peaks being detected for each irradiation, corresponding to two 
edges across one silicon core, same as the intensity profile for higher fluences 
in Fig. 5.6e. However, due to the small horizontal core size, these two sub-
peak overlap and only one peak is detected, with greater intensity than each 
sub-peak. Therefore, the detected peak of PL intensity appears as a maximum 
point in Fig. 5.7a.    
    By comparing the photoluminescence intensity curve induced by 500 keV 
irradiation with 1 MeV irradiation in Fig. 5.7b, the inflection point of PL 
intensity for 500 keV occurs at a smaller line fluence than 1 MeV (Fig. 5.7b). 
That is because of the intrinsic properties of proton irradiation with different 
energies. To achieve a similar defect density at the end-of-range region, 
namely to achieve the same current funneling strength, 500 keV protons 
require a lower line fluence than 1 MeV protons. This confirms again that for 
lower energy irradiation, silicon wires are produced at a lower line fluence of 
4×1010/cm (Fig. 5.6a), while only dark regions are produced for 1 MeV proton 
irradiation with a similar fluence (Fig. 5.3a).  Therefore, for 500 keV protons, 
the ability to enhance PL saturates at smaller line fluence, inducing an earlier 
inflection point. 
    In addition, by just comparing the relatively stable PL intensity range for 
high line fluence irradiation, 1 MeV protons produce much higher PL intensity 
than 500 keV protons.  
   




Figure 5. 8: 3D color scale photoluminescence image from a 500 keV protons 
irradiated 0.02 Ω·cm wafer with collection time of 3s, corresponding to Fig. 5.6c. 
The insert in the right top corner is Fig. 5.5b for comparison. 
 
   Fig. 5.8 shows the 3D photoluminescence image converted from Fig. 5.6d. 
Here, the PL intensity at the end-of-range region is comparable with the initial 
ion trajectory, contradicting the results for 1 MeV irradiation, where the end-
of-range region produces 10 times higher intensity than the initial trajectory 
(Fig. 5.5b, inserted in the right top corner of Fig. 5.8).  
    Further consideration reveals that this is due to 500 keV protons producing 
a higher defect density than 1MeV protons with the same line fluence. Thus, 
the ability of current funneling and an increasing resistivity saturates at 
smaller line fluence for 500 keV protons. Hence, PL intensity saturates earlier 
(see Fig. 5.7b). The initial trajectory has 10 times smaller the defect density 
than the end-of-range region, so the PL from the initial trajectory is equivalent 
to the PL produced with 10 times smaller line fluence irradiation. For example, 
for irradiation with a line fluence of 6×1011/cm in Fig. 5.8, the PL from the 
initial trajectory should be similar to that produced with a line fluence of 
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6×1010/cm. If import these data into Fig. 5.7 b, an interesting observation is 
that the line fluence of 6×1010/cm produces comparable PL intensity as 
6×1011/cm. Whereas, for irradiation with 1 MeV protons (Fig. 5.8 inset), the 
irradiation with a line fluence of  5×1011/cm produces much stronger PL than 
5×1010/cm in Fig. 5.7b. Therefore, we conclude that for 500 keV protons, the 
10 times smaller line fluence still produces high level PL intensity, due to the 
earlier saturation of PL intensity than 1 MeV proton irradiation. 
5.2.3 Wafer resistivity 
The 0.4 Ω·cm silicon samples were also irradiated by 500 keV protons and 
etched with a current density of 40 mA/cm2, all the other parameters were kept 
the same. For investigating the effect of irradiation on photoluminescence, 
0.02 Ω·cm wafers have an advantage of tending to produce mesoporous 
silicon which exhibits weak PL emission, providing a low background against 
which to observe the effects of enhanced PL emission. Also, low porosity 
mesoporous silicon is more resistant to cracking, allowing uniformly anodized 
layers tens of microns thick to be produced. Although 0.4 Ω·cm wafers have a 
higher background photoluminescence level and face a cracking problem, the 
nanometer size microporous silicon produced has wider application field [97, 
98] and it is worth to investigate PL enhancement in them. 
     
   




Figure 5. 9: (a) SEM and (b) optical cross-sections of a 500 keV irradiated 0.4 Ω·cm 
wafer. (c) (d) PL images of the same lines with collection time of 80ms, 320ms 
respectively. (e) PL intensity (linear scale) extracted from photoluminescence image 
–5.9(c) at the end of range depth (dashed circle indicate the lowest line fluence 
induce PL enhancement and corresponding intensity peak). Part of Fig. 5.6a is also 
inserted on top for comparison. 
 
   Irradiating with the same ion energy and comparable fluence, the dark zone 
in a 0.4 Ω·cm wafer is wider than in a 0.02 Ω·cm wafer (arrows in Fig. 5.9a 
compared with Fig. 5.6a inserted in Fig. 5.9). The dark regions are located at 
the end-of-range region, and also along the whole ion trajectory in Fig. 5.9a. 
In 0.02 Ω·cm wafers, although irradiation with a line fluence of 9×109/cm also 
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exists at the same sample in Fig. 5.6a, this line fluence produces neither a dark 
region nor enhanced photoluminescence. However, in the 0.4 Ω·cm wafer, 
dark region and enhanced photoluminescence are present at much lower line 
fluences. Even a small line fluence of 5×108/cm can produce clear enhanced 
PL with ~2 times of background level (see circle in Fig. 5.9d and Fig. 5.9e).  
 
Figure 5. 10: (a) 3D photoluminescence image converted from Fig. 5.9c, with 80ms 
collection time for a 500 keV protons irradiated 0.4 Ω·cm wafer. (b) 
Photoluminescence peak variation with line fluence, for a 500 keV protons irradiated 
0.4 Ω·cm and 0.02 Ω·cm wafer (log scale), with collection time of 1.2s. 
 
    Similar to the case of 500 keV protons irradiating a 0.02 Ω·cm wafer in Fig. 
5.8, the end-of-range region and the initial ion trajectory region emit 
comparable enhanced photoluminescence for a 0.4 Ω·cm wafer in Fig. 5.10a. 
The background PL intensity decreases progressively from porous silicon 
surface to the interface of porous silicon and bulk silicon substrate, due to a 
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stronger oxidation effect at the sample surface and less oxidation at deeper 
levels (Fig. 5.10a). The PL intensity at the end-of-range level is increased 
about 7 times compared with the background PL at the same depth. 
In Fig. 5.10 b, the PL peaks in a 0.4 Ω·cm wafer and a 0.02 Ω·cm wafer are 
compared in terms of varying with line fluence for 500 keV proton irradiation. 
The profile is similar, in that PL intensity increases rapidly with line fluence at 
a low fluence, then saturates for high fluences. However, the inflection point 
exists at a smaller line fluence in a 0.4 Ω·cm wafer than in a 0.02 Ω·cm wafer 
(Fig. 5.10b). This is due to the stronger ability of current funneling and 
increased resistivity in a 0.4 Ω·cm wafer, if the irradiation conditions are the 
same as a 0.02 Ω·cm wafer. The reason can be confirmed by reviewing the 
simulation results in chapter 3. Due to the similar reason for an earlier 
inflection point, detailed discussion should be the same as that of Fig. 5.7b. 
In Fig. 5.10b, the enhanced PL intensity from microporous silicon in a 0.4 
Ω·cm wafer is larger than for 500 keV irradiated mesoporous silicon in a 0.02 
Ω·cm wafer. An interesting comparison is that the background PL from un-
irradiated microporous silicon is almost the same as that from 1 MeV proton 
irradiated mesoporous silicon. 
    The comparable PL intensity of irradiated mesoporous silicon and 
microporous silicon background makes it is likely that microporous silicon is 
indeed formed along the ion trajectory, consistent with the wafer resistivity 
being significantly increased by ion irradiation. However, the PL intensity 
from highly-doped wafers may increase more than a thousand fold for an 
increase in porosity from 70% to 94% [99], so one cannot exclude the 
possibility of highly porous mesoporous silicon being formed in 0.02 Ω·cm 
wafer due to ion irradiation, rather than microporous silicon.  
 
5.2.4 Irradiated line width 
The 0.4 Ω·cm wafers were irradiated with the same parameters as the sample 
described in chapter 5.2.3, except with wider irradiation lines. However, they 
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are in different fabrication batches from samples in chapter 5.2.3, with 
different storage conditions and oxidation effect, thus, no direct comparison 
can be made. Optical cross-sections and PL images with the same collection 
time but different irradiation line widths are shown in Fig. 5.11. Since the 
irradiated line width is on a micrometer size scale, the unit of areal fluence is 
used here.  
    It is obvious that for the same fluence, the PL signal becomes stronger with 
increasing line width, from Fig. 5.11a to c. 
 
Figure 5. 11: Optical and PL cross-sections of a 500 keV irradiated 0.4 Ω·cm wafer 
with irradiation line width of (a) 1µm (b) 2 µm (c) 5µm. 
  
I converted part of PL images in Fig. 5.11 into color scale, as shown in Fig. 
5.12. The strongest PL intensity appears at the surface of the irradiated region 
for all widths - due to the one week storage time, the porous surface is 
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oxidized and induces stronger PL, whereas the deeper porous regions are less 
affected.  
 
Figure 5. 12: Photoluminescence with color scale intensity distribution for a 500 keV 
irradiated 0.4 Ω·cm wafer with irradiated line width of (a) 1µm (b) 2 µm (c) 5µm. 
Corresponding to Fig. 5.11.(d) PL intensity (linear scale) extracted from 
photoluminescence image –5.12(c) by a line across the PL peaks beneath the wafer 
surface. 
 
Further observation shows that for 5µm width irradiation with 5×1014/cm2 
fluence (Fig. 5.12c), there are two peaks at the surface, even though the ion 
irradiation is uniform along the 5µm width (indicated by arrows).  
Furthermore, there are two lines below these two peaks showing stronger PL 
than other parts of 5µm wide ion trajectory. That is because the dopant density 
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has a large gradient at the edge of the ion irradiated region, ranging from that 
of the totally un-irradiated area with no defects to the fully irradiated area. 
Thus, a large diffusion current due to the gradient is funneled mostly to the 
area beneath the edge, resulting in two highly enhanced PL lines, also two 
peaks at the surface. At the central part of the ion trajectory, where the 
gradient is relatively smaller, the PL intensity is smaller. This is also clearly 
shown in Fig. 5.12d, where the PL intensity is extracted from a line scan 
beneath the surface. For each 5µm width irradiation, there are two peaks with 
about 3 to 4 time higher PL intensity than the background, and the central 
parts are weaker. The phenomena can be observed for all fluences in the 5µm 
width irradiations in Fig. 5.12c, but not so obvious in Fig. 5.12b, because of 
the overlap of the two lines. When the irradiation is narrowed down to 1µm, 
only one bright region can be seen (Fig. 5.12a).  
In Fig. 5.13, for a lower resistivity wafer, a 0.02 Ω·cm wafer, the PL 
intensity also increases with increasing line width. Also, from the intensity 
profile in Fig. 5.13c, one can observe that there are PL peaks situated beneath 
the edge of irradiated areas. 
 
 
Figure 5. 13: (a) Optical cross-section showing lines in 0.02 Ω·cm wafer irradiated 
with 1 MeV protons with an areal fluence of 1×1015/cm2, with line widths of 1, 3, 5, 
10, 17 μm from left to right. (b)PL images of the same lines. (c) Horizontal line scan 
extracted from the PL image at the depth indicated by the dashed line (linear scale). 
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5.2.5 Etching current density 
A 0.4 Ω·cm wafer was prepared in a similar manner as the sample in Fig. 5.11 
and 5.12 except being etched with half of the current density: 20mA/cm2. The 
optical and PL image are shown in Fig. 5.14, the insert is part of Fig. 5.12 for 
comparison. From Fig. 5.14b, the profile of the ion trajectory still can be seen 
but with much lower intensity than Fig. 5.12b. This means the etch current 
density is a critical factor influencing photoluminescence. Lower current 
density produces low porosity silicon, given weaker photoluminescence. 
 
Figure 5. 14: (a) Optical cross-sections of a 500 keV irradiated 0.4 Ω·cm wafer with 
irradiation line width of 2 µm and etched with 20mA/cm2. (b) Photoluminescence 
with color scale intensity distribution of the same lines. (Fig. 5.12b are inserted at the 
bottom for comparison) 
5.3 Photoluminescence from three dimensional silicon 
nanowires 
Three dimensional silicon nanowire fabrication was already introduced in 
detail in chapter 4.6. By detecting the photoluminescence, I investigated the 
way the etching current flows in the complex, multilevel structures. Thus, it 
helps to study optimum ways to fabricate complex silicon nanostructures.  
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Photoluminescence images are shown in Fig. 5.15. Enhanced 
photoluminescence correlates well with SEM images, confirming that the 
highly porous end-of-range regions for different energy ions all emit strong 
photoluminescence.  
 
Figure 5. 15: Photoluminescence cross-section images of three dimensional silicon 
nanowires fabricated in a 50 keV and 250 keV protons irradiated 0.02 Ω·cm wafer. 
The photoresist opening and period are shown for each picture. Insert the SEM 
cross-sections of the same structures. 
 
   
Chapter5   Enhanced Photoluminescence 
93 
 
One can observe that the strongest PL comes from the middle layer, even 
for the large area where no electron beam patterns exist (shown in brackets in 
Fig. 5.15b). These positions are also the end-of-range regions, of 250 keV 
protons which penetrate the 1 µm thick photoresist and stop at 1.6 µm below 
the sample surface. The stronger PL intensity from these positions is 
consistent with the discussion in chapter 5.2.4, that wider irradiation scale 
produces stronger photoluminescence. However, these regions do not involve 
current funneling effect. Since the area is as large as the whole wafer, even if 
there is current funneling, the current density still should be the fixed value. 
Thus, the strongest PL from the large area (see Fig. 5.15d) is just due to an 
increase of wafer resistivity. In comparison, the areas surrounding the silicon 
cores in the top and bottom layers all involve the dual effect of current 
funneling and resistivity increase, yet they emit much weaker PL than PL 
emitting from the large area, where only resistivity increase effect is involved. 
Hence, I conclude that the increase of wafer resistivity is a more important 
factor than the current funneling. The phenomena partially contradict to the 
discussions in this chapter that the current funneling is a critical factor. 
In order to further analyzing these photoluminescence images, I converted 
Fig. 5.15 to color-scale PL intensity images, Fig. 5.16. The strongest 
photoluminescence clearly comes from the middle layer, including the middle 
layer silicon cores in the electron beam patterned area (arrows in Fig. 5.16b). 
Considering that in Fig. 5.16e, the middle layer cores have the same 
irradiation width as the top and bottom layer; in Fig. 5.16f, the middle layer 
irradiation width is even smaller than the top and bottom layers, but they still 
emit stronger PL. Thus, the strong middle layer PL intensity within three 
dimensional silicon nanowires cannot be explained by influence of irradiation 
width.  
Due to the existence the bottom layer silicon cores, a large part of the drift 
current is deflected away from the cores and flows through the space between 
them, where the middle layer cores are located. The middle layer cores are 
thus etched with equivalently larger local current density. Although the 
phenomena are not so obvious in simulations in chapter 3.3.1, the stronger PL 
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from the middle layer is consistent with the discussion in chapter 5.2.5, that a 
higher current density produces stronger enhanced photoluminescence. This 
result also supports the discussion in chapter 4.6, that the smaller size of 
silicon cores in the middle layer is due to a locally increased current density. 
Since the top layer core area emits a similar PL intensity as the bottom layer, I 
also conclude that the deflection effect of the middle layer cores is weak and 
most current still flows through gaps between the top cores, so the top layer 
cores are etched with comparable current density as the bottom layer. 
 
Figure 5. 16: Photoluminescence color scale cross-section images of three 
dimensional silicon nanowires fabricated in a 100 keV and 250 keV irradiated 0.02 
Ω·cm wafer, corresponding to Fig. 5.15. 
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The horizontal location and the proximity of the adjacent irradiated patterns 
are all important factors for fabricating silicon nanostructures as discussed in 
chapter 4, however, these factor do not have an obvious influence in enhanced 
photoluminescence. With varying period in Fig. 5.16, the PL intensity 
distribution appears similar and does not change with horizontal locations 
within the core array. It reveals that these factors have a negligible influence 
on the diffusion current, which seems more localized than the total etch 
current. Therefore, an enhanced photoluminescence signal with even smaller 
size and period than the fabricated crystal silicon cores becomes possible. 
5.4 Potential application 
Since the photoluminescence of porous silicon is already applied in a wide 
variety of fields, ion induced photoluminescence enhancement can be made 
use of in several potential applications: 
 Photoluminescence of porous silicon is an important material property 
which is compatible with existing silicon microelectronic industry. 
Enhanced photoluminescence can be used for more powerful porous 
silicon based display devices and light-emitting sources. 
 Photoluminescence of porous silicon is quenched upon exposure to 
certain gases or vapors, which has been used as chemical-optical sensor 
[100, 101]. Biological sensors utilizing PL intensity variation of porous 
silicon have also been developed [102]. The ion induced enhanced 
photoluminescence can improve the sensitivity of these sensors, by 
incorporating a range of differing porosities within the same device area. 
 The zones emitting enhanced photoluminescence can be selectively 
removed after oxidation. This leads to a simple way to fabricate micro- 
and nano-scale buried, hollow channels within porous silicon. And these 
channels can be filled with certain materials and used as gas pre-
concentrator [103] or in fluidic devices.  
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In this chapter, the observation of enhanced photoluminescence has been 
discussed in detail. The PL intensity emitted from mesoporous silicon can be 
enhanced by three orders of magnitude. For microporous silicon the intensity 
becomes about 7 times greater after irradiation.  
The dual effect of an ion irradiation induced increase in local resistivity and 
a funneling current effect produce higher porosity silicon located along the ion 
trajectory, which results in enhanced photoluminescence. The enhanced PL 
intensity increases with line fluence, irradiation energy and irradiation line 
width. The 0.02 Ω·cm wafers produce mesoporous silicon; after high energy 
proton beam irradiation the same PL intensity level of un-irradiated 
microporous silicon was achieved. The 0.4 Ω·cm wafers produce microporous 
silicon which initially has a strong photoluminescence. Hence, the ion 
irradiation enhancement of PL intensity is not as obvious as in 0.02 Ω·cm 
wafer. Enhanced photoluminescence from complex, there dimensional silicon 
structures has also been studied, providing a guideline for the way of etching 
current flowing. Lastly, potential applications have been discussed briefly.
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Chapter   6 
Free-standing silicon nanowires and their 
support structures 
 
Many fields, such as, nanoelectromechanical systems, photonics, 
thermoelectric studies, stencil lithography, and ion channeling study require 
free-standing silicon nanostructured membranes. These structures have the 
advantage of separation from substrate, providing great thermal and electrical 
isolation and avoiding the substrate stopping a charged particle beam. 
Considering the large refractive index difference between crystalline silicon 
and air, and the flexibility of choosing other cladding materials by deposition, 
a free-standing structure is also preferable in optical systems. In 
nanoelectromechanical systems, suspended silicon nanowires may be 
fabricated as resonators [104, 105]. Uses of free-standing silicon 
nanostructures in photonics include, for example, waveguides [75], low power 
optical resonator [106] and thermal-optical switches [107]. Thermal transport 
and defect scattering are also studied on free-standing structures [108]. 
    Conventional fabrication technologies are limited by complex, multiple 
processes, usually in SOI wafers which are costly [19, 109]. In this chapter, I 
present an alternative method for fabricating free-standing structures in bulk 
silicon with a single etch step. Following the introduction of the fabrication 
process, the key points for fabricating a robust support structure are 
investigated. Structures fabricated in different resistivity silicon wafers are 
shown and compared later to reveal the suitable wafer for different structures. 
With an additional lift-off step, nanowires supported by a 3.2 µm thick silicon 
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grid membrane are separated from the silicon substrate, becoming totally free-
standing. Finally, this chapter ends with a short summary. 
6.1 Experimental processes 
This fabrication method can be divided into two separate branches: support 
structures and supported lines may be fabricated with different ion beam 
energies (Fig. 6.1a); and with the same energy (Fig. 6.1b). 
 
Figure 6. 1: Schematic of experimental steps for fabricating free-standing silicon 
nanostructures and support structures with (a) different ion beam energies and (b) 
single energy. 
 
In Fig. 6.1a, while higher energy irradiation with sufficient fluence 
produces deep silicon walls, low energy irradiation with an optimal fluence 
results in nanostructures located at the end-of-range region, which lies 
hundreds of nanometers beneath the surface. Usually, high energy and low 
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energy irradiation is done by proton beam writing in the 10 degree beam line. 
For very low energy beams, for example, 100 keV H2+ which has less 
brightness, thus, hard to be focused down to less than 100nm in the proton 
beam writing beam line, large area irradiation is used. Electrochemical etching 
is controlled to undercut only the low energy irradiated structures. Thus, the 
high energy irradiated areas remain attached to the substrate, and act as 
support structures. All porous silicon is then removed by immersion in dilute 
KOH, or by mild oxidation and subsequent oxide removal in dilute HF to 
circumvent any bubbling problems during KOH etching. 
 
Figure 6. 2: SEM cross-section images for electron beam patterned 1 µm thick 
PMMA layer on silicon substrate with (a) 90 nm line width and 250 nm period. (b) 2 
µm line width with 4 µm period. The 0.4 Ω·cm wafer irradiated with 100 keV H2+with 
a fluence of 2×1014/cm2, etched in 24% HF solution for 1 minute with current density 
of 40 mA/cm2 for (c) 90 nm and (d) 2 µm wide lines. 
 
Fig. 6.1b shows the fabrication of the supporting and suspended structures 
using the same energy. The lines with a width of a few micrometers are 
patterned perpendicular to the nanometer lines in PMMA photoresist using e-
beam lithography. The whole PMMA coated sample is then irradiated with the 
same areal fluence in our large area irradiation facility. The etch depth is 
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precisely controlled, so that the nanostructures with small lateral size are 
undercut (Fig. 6.2c), while structures of widths of many micrometers are not 
fully undercut, but remain attached to the substrate (Fig. 6.2d). Therefore, the 
micrometer size lines can support these nanowires. 
Fig. 6.2(a), (b) show SEM cross-sections of a PMMA layer containing 90 
nm wide trenches with 160 nm spacing, demonstrating the good quality of e-
beam patterned polymer structures. For the same irradiation fluence and 
etching conditions, 150 nm width silicon wires are easily undercut in Fig. 6.2c, 
while the 2 µm width lines, still attached to the substrate (Fig. 6.2d). The 2 µm 
width support is a solid unetched column. In comparison, the nanoscale lines 
have a smaller height, approximately equal to the depth distribution of the 
end-of-range defect peak (Fig. 6.2c). The difference is due firstly because 
anodization current can flow around a narrow end-of-range widths of a few 
hundred nanometers, whereas it cannot do so for wider end-of-range features. 
The greater thickness of the support bars makes them rigid enough to fully 
support the thinner, nano-scale bars.  
    The second important difference lies in considering that the same areal 
fluence irradiating nanoscale patterned widths of about 100 nm and support 
widths of 2 µm results in different defect densities within the end-of-range 
region. A narrow irradiated surface area of 100 nm is less than the width of the 
end-of-range distribution of the defects, so the defect density is less than at 
wider regions where the areal fluence, a, irradiating the surface is the same. 
This point was considered in more detail in chapter 3, and the concept of line 
fluence, l, was defined as the number of ions used for irradiating a line of 
zero width per centimeter of line length.  
6.2 Key points of fabricating a robust support 
structure 
It was observed soon after this work was started that the supported nanowires 
tended to fracture at the connection point with the supporting structure, which 
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makes it is necessary to investigate the key points influencing support 
structures. Several factors, such as irradiating ion energies, fluences, 
geometries and wafer resistivity, determine whether the nano- and micro-scale 
features are properly connected to the supports in the three dimensional silicon 
structures. These factors fall into two categories: namely “inside current flow” 
due to the component of the hole current which flows through the support, into 
the connection part; “outside current flow” owing to deflection of the current 
around the support.  
6.2.1 Inside current flow 
Fig. 6.3 a, d show plane views of the patterned structures which were 
fabricated using the experiment steps shown in Fig. 6.1 b. Irradiation of the 
exposed wafer surfaces results in both nano-scale features and support bars 
with the same areal fluence. An anodization depth of 2 m is enough to fully 
undercut the nano-scale features, while leaving the 2 m wide support bars 
attached to the substrate. The free-standing structures are shown in Fig. 6.3 b, 
e. Fig. 6.3 c, f show a cross-section of the 2 m wide support bars in 0.4 Ω.cm 
and 0.02 Ω.cm silicon respectively. The 2 µm support has a convex top 
surface in 0.4 Ω·cm wafer (Fig. 6.3c), but a concave surface in 0.02 Ω·cm 
wafer (Fig. 6.3f).   
In the unirradiated 0.4 Ω.cm wafer the hole density is low, so a low fluence 
ion irradiation is sufficient to induce enough hole traps to significantly reduce 
the hole density close to zero, resulting in a large, built-in positive potential 
along the full ion trajectory [110]. This strongly deflects all electrochemical 
drift current around it during subsequent anodization, leaving the full volume 
of the irradiated support as unetched, remaining as crystalline silicon in 
Fig.6.3c. The schematic current flow is shown in Fig. 6.4a. The deflected 
current flows outside the support structures, which are defined as “outside 
current flow”. In comparison, in the 0.02 Ω.cm wafer, owing to the larger 
carrier density, a weaker potential is induced by the same ion irradiation as in 
0.4 Ω.cm wafer. A portion of the anodization current is deflected around the 
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irradiated region whereas some still passes through. This portion of current 
flow inside the support structures, namely “inside current flow”.  Firstly, 
inside current flow etch the support bars for the 0.02 Ω·cm wafer. This effect 
varies across the width of an irradiated area, Figure 6.3f, resulting a concave 
top surface. A larger fraction of the hole current which flows towards the 
centre of the irradiated area passes through it compared to current flowing 
closer the edges where it is easier for current to be deflected around the outer 
edge, leaving the edge region less deeply anodized than the center. Secondly, a 
portion of inside current flows through the support bars in the 0.02 Ω.cm 
wafer may reach the surface close to, or even within, the connecting point with 
the nanobar, or even along it (Fig. 6.4d). This results in localized etching of 
the nanobar close to the support, see the arrowed location in Figure 6.3d where 
the bar width at this location is smaller than towards the centre.  
Therefore, in Fig. 6.3 d, one observes that in 0.02 Ω·cm wafer, where the 
inside current flow exists, nanowires becomes thinner approaching the support, 
resulting in a small radius of curvature at the connecting point. While in 0.4 
Ω·cm wafer (Fig. 6.3a), where the inside current is very small, the radius of 
curvature of the connection of the nano-scale bar to the support is larger. 
Inside current flow narrows the connecting point, which works from the 
initial anodization till the undercut of the support structures, inducing worse 
results with longer etching time. In Figure 6.3d, none of the nanoscale bars 
have broken, but if anodization proceeds to a greater depth then the connecting 
points can become too thin to support the nanoscale bar, causing their 
breakage as discussed further below. Therefore, one of the key points to 
fabricate robust 3D silicon structures is choosing proper experimental 
conditions to reduce inside current flow, such as, increasing the irradiation 
fluence of support, using proper etching time, etc. 
   




Figure 6. 3: SEM images for 100 keV H2+ irradiated silicon nanowires and support 
with fluence of 2.5×1014/cm2 in (left) 0.4 Ω·cm wafer and (right) 0.02 Ω·cm wafer. (a) 
(b) (d) (e) fixed period of 800 nm, free-standing structures held in place by 2 m wide 
supports. Anodization depth of 2 m. Porous silicon is removed by short oxidation 
with subsequently HF dissolution. (c) (f) cross-section SEMs of structures comprising 
similarly irradiated supports of width 2 m with a separation of 2 m.  
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Figure 6. 4: Schematic of current flow during anodization around nanoscale bars 
and supports in 0.4 Ω·cm wafer and 0.02 Ω·cm wafer. Solid arrow lines show the 
anodization current flow through support bars which is inside current flow; Dashed 
arrow lines show current flow around support and nanolines, namely, outside current 
flow. The upper and lower rows shows two different cross-sectional views of current 
flow around the geometry shown in middle row, which indicates the two grey planes 
at which the cross-sections are shown from this geometry. 
 
    Now consider the geometry in Fig. 6.1a, where low fluence irradiated nano-
scale features are held in place by high-energy, high-fluence supports which 
are intended to provide a robust frame to hold the nano-scale features in place 
over large patterned areas. The wafer may be deeply anodized, up to 20 m, 
depending on the ion type, energy and geometry of supporting structure. There 
are two important considerations as to why a much higher ion fluence is 
required to fabricate the robust supports. First, because higher energy ions are 
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used, the defect density close to the surface, where etching is most likely to 
occur, is lower than for the same fluence of low energy ions, requiring a 
higher fluence to achieve a similar defect density. Second, because of the 
greater etch depth, inside current flow effect is more obvious, the defect 
density needs to be higher, hence the fluence used for the coarse support bars 
needs to be higher than that used for the fine-scale supports in Fig. 6.3, in 
order to adequately prevent inside current flow.  
 
Figure 6. 5: Structures in 0.4 Ω·cm wafer. (a) SEM images and (b) Etch current flow 
schematic for 100 keV H2+ irradiated silicon wires with fluence of 1.5×1014/cm2, 500 
keV protons irradiated support with 2.5×1015/cm2. (c) SEM images and (d) Etch 
current flow schematic for 500 keV protons irradiated silicon wires with fluence of 
3×1015/cm2, 1 MeV protons irradiated support with 1.5×1016/cm2. Dashed arrow 
lines show current flow around support and nanolines. 
 
    An example of this effect is show in Fig. 6.5 where the fluence used to 
fabricate the supports is an order of magnitude greater than that used in Fig.6.3. 
However, even though the etch depth is only 2 m the top surface has 
undergone significant etching in Fig. 6.5a, seen by the ragged support surface 
with the profile of corrugated silicon nanowires. As the defect density is not 
high enough to prevent inside current flowing (Fig. 6.5a, b), all the nanowires 
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is fracture at the connection point. Fig. 6.5 c, d provide an example where a 
fluence of one orders of magnitude greater than in Fig. 6.5a was used to 
irradiate the supports. This now results in uniform diameter nanowires 
produced over ten micrometer lengths though with the characteristic 
broadening at the connecting point with the support.  
 
6.2.2   Outside current flow 
    By comparing Fig. 6.3 a and d, one observes that in 0.4 Ω·cm wafer, the 
radius of curvature at the connecting point is larger than in 0.02 Ω·cm wafer. 
In addition to the effect of inside current flow, which is discussed in chapter 
6.2.1, outside current flow also plays an important role. In 0.4 Ω.cm wafer, 
where the nanoscale bars join the supports, the superposition of the two 
potentials results in large deflection of the anodization current away from both 
features, see Fig. 6.4 c, resulting in nanowires’ diameter increases significantly 
towards the support bar, see Figure 6.3a. By the same ion irradiation, weaker 
potential is induced in 0.02 Ω.cm wafer than in 0.4 Ω.cm wafer, which results 
in only a small additional deflection of the current away from the connecting 
point, see Figure 6.4 f. Hence the radius of curvature of the connection of the 
nano-scale bar to the support is small, Fig. 6.3d. 
    Outside current flow is first deflected by the large area support structure, 
inducing a higher current density region near the edge of the support, Fig.6.4a. 
These current is then deflected again by the nanowires near the connection 
part, see Fig. 6.4b, thus partially determining the shape of the connection part. 
Outside current flow plays a part only when the etching front evolving through 
the suspended nanowires depth. Once the nanowires are undercut, the 
deflection current flows directly into the electrolyte instead of influencing the 
shape of nanobars. As discussed in Fig.6.3a, the deflected current by the 
support and nanobars broadens the connection part. In other conditions, 
however, it can induce an opposite effect, namely narrowing the connection 
part, if the built-in potential of nanobars is not large enough to deflect this 
current away again, which will be discussed below. 
 
   




Figure 6. 6: SEM images of free-standing patterns of silicon structures in 0.02 Ω·cm 
wafer where the coarse period helium supports are all written with areal fluence of 
2×1015/cm2. In  nanoscale patterns irradiated with areal fluence of 1×1015/cm2. (a) 
650 nm line period, with line fluence of 9×109/cm, etched at 100 mA/cm2 (b) 850 nm 
line period, with line fluence of 2×1010/cm, etched at 60 mA/cm2. 
 
    In Figure 6.6, the coarse period supports are all written with an areal fluence 
of 2×1015/cm2 1 MeV helium ions. 1 MeV helium ions have a similar range 
(~3 um) and defect depth distribution as 250 keV protons, but produce about 
10 times more defects density owing to the higher ion mass, see Fig. 3.3d. 
Under the effect of such a high helium ion fluence, the inside current flow 
through the support can be effectively prevent, which should result robust 
connection part, as discussed in chapter 6.2.2. However, the nanowires are all 
broken at the connection point in Fig. 6.6a. This is due to the narrowing effect 
of outside current flow, which is more obvious when the support is irradiated 
with very high fluence. 
    Since the coarse supports are wide (~ 10 um) then a large current is 
deflected around them and flows to the surface close to the side walls, 
producing a locally higher current density region; this large deflected current 
now causes another type of problem at the connecting points as the nanolines 
do not contain a large built-in potential which is able to deflect this current 
away, so are prone to be dissolved away more easily. If increasing the 
irradiation fluence of nanowires, as in Fig. 6.6b, robust connection part is 
produced. Thus, although a support which is irradiated with high fluence has 
advantage of preventing the inside current flow, it deflects larger current 
around at the same time. In the case that the outside current flow effect being 
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enhanced, the ratio of irradiation fluence between the nanolines and support 
needs to be considered, in order to ensure that the nanolines have the 
comparable ability to deflect the current away instead of being dissolved. 
 Figure 6. 7: Structures in 0.4 Ω·cm wafer. (a)(b) SEM images for 500 keV protons 
irradiated silicon wires with two coherent wires for each fluence, 1MeV protons 
irradiated support with a fluence of 1×1016/cm2.Etching density of 40mA/cm2 with 
14µm etching depth. 
 
   To further investigate the influence of this ratio on the formation of free-
standing silicon nanostructures, silicon wires were fabricated with 500 keV 
protons using different fluences. There are two coherent wires for each fluence, 
indicated in Fig. 6.7a. The support structure was fabricated using 1 MeV 
protons with a high fluence of 1×1016/cm2. With decreasing silicon wire 
fluence, the ratio of fluence between the support structure and the suspended 
silicon wires increases from 1.67 to 2 to 2.5. The connection point is very 
sensitive to this ratio, becoming thinner for a larger ratio (Fig. 6.7a, b).  For 
larger ratio, silicon nanowires have much weaker ability compared to the 
support in case of deflection the outside current flow. Outside current flow, 
which is deflected first by the support and has higher current density near the 
side wall, locally etched the nanowires at the connection part, thus, narrowing 
the connection point. 
In summary, a good support system can be fabricated when proper consider 
two effect, namely “inside current flow” and “outside current flow”. They 
work in different time slot during electrochemical etching. Inside current flow 
narrows the connection part, which works from initial of etching till the 
undercut of the support structures. Outside current flow works only when the 
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etching front evaluate through nanowires depth. It has dual effect of broaden 
or narrow down the connection point, which critically depends on the ratio of 
fluence between the support structures and the nanowires. The structures are 
good with lower ratio, and progressively worsen with increasing ratio. 
6.3 Free-standing silicon nanowires on a substrate 
Free-standing silicon nanowires were fabricated on both 0.4 Ω·cm wafer and 
0.02 Ω·cm wafer using 100 keV H2+, which are shown in this chapter. 
 
6.3.1 0.4 Ω·cm wafer 
In 0.4 Ω·cm wafer, free-standing silicon nanowires with a diameter of 50nm 
have been fabricated, shown in Fig. 4.12. The period and location within 
irradiated patterns influence the size of silicon nanowires, which can also be 
seen in free-standing structures. In Fig. 6.8a, b, nanowires become thinner for 
a smaller period. In Fig. 6.8c, the outermost nanowire is thicker (arrow). 
Although with the same etch conditions as in Fig. 6.8e, the free-standing 
nanowires with a smaller period of 650nm in Fig. 6.8 c still stick to the 
substrate at some point, due to the non-uniform etch rate. I suspect that with a 
smaller period, a higher fluence and longer etch time is needed.  
The smallest period which has achieved for free-standing silicon nanowires 
is 650 nm in a 0.4 Ω·cm wafer, shown in Fig. 6.8 c, d. The thin nanowires in 
the central region are still suspended between two supports without breaking, 
confirming the strong mechanical properties of crystalline silicon and its 
suitability for free-standing structures (Fig. 6.8c).   
Compared with Fig. 6.8d, the uniformity of the nanowires is greatly 
improved in Fig. 6.8f. The irradiation and etching conditions are the same for 
both, only the period of the nanowires is enlarged from 650nm in Fig. 6.8d to 
850nm in Fig. 6.8f. Thus, I believe that the larger period of the patterns may 
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improve the uniformity of the nanostructures, since it leads to less overlapping 
of the irradiated regions which can be much easily distinguished by the etch 
current. 
 
Figure 6. 8: SEM images for 100 keV H2+ irradiated silicon nanowires and support 
with fluence of 2.5×1014/cm2 in 0.4 Ω·cm wafer. (a) Tilted image and (b) plan view 
for nanowires, with decreasing period towards center with two coherent lines for 
each period. (c) Tilted image and (d) plan view for nanowires with 650 nm period. (e) 
Tilted image and (f) plan view for nanowires with 850 nm period. 
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6.3.2 0.02 Ω·cm wafer 
Similar structures as Fig. 6.8a are also fabricated in 0.02 Ω·cm wafer with the 
same irradiation fluence (Fig. 6.9). 270 nm wide silicon nanowires with 
spacing of 270 nm are achieved in the central part (inset in Fig. 6.9b). 
Nanowires irradiated with this fluence have diamond-shape cross-sections, 
seen in Fig. 4.4. Thus, there is an unetched part on top of the nanowires (inset 
in Fig. 6.9b). Also from the plan view SEM image, it can be seen that the 
densely patterned free-standing nanowires have good uniformity. 
    By varying the period from 450 nm to 650 nm, the diameter of nanowires 
almost remains the same (Fig. 6.10 c and d). Free-standing nanowires with an 
even smaller spacing of 180 nm, are fabricated using a period of 450 nm (Fig. 
6.10c). The uniform, densely packed structure highlights the advantage of 
using a 0.02 Ω·cm wafer in producing small spacing structures.   
    With a lower fluence, free-standing nanowires with 150 nm diameter are 
fabricated in 0.02 Ω·cm wafer (Fig. 6.11a, c). The diameter does not vary with 
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Figure 6. 9: SEM images for 100 keV H2+ irradiated silicon nanowires and support 
with fluence of 2.5×1014/cm2 in 0.02 Ω·cm wafer. (a) Tilted image and (c) plan view 





Figure 6. 10: SEM images for 100 keV H2+ irradiated silicon nanowires and support 
with fluence of 2.5×1014/cm2 in 0.02 Ω·cm wafer. Tilted image and plan view for 
nanowires with period of (a), (c) 450nm. (b), (d) 650nm. 
 
   




Figure 6. 11: SEM images for 100 keV H2+ irradiated silicon nanowires and support 
with fluence of 1.5×1014/cm2 in 0.02 Ω·cm wafer. Tilted image and plan view for 
nanowires with period of (a), (c) 450nm. (b), (d) 650nm. 
6.4 Free-standing silicon nanowires without a 
substrate  
    Many applications, for example, detection of defects in silicon nanowires by 
X-rays and the use of silicon nanostencil masks, need totally free-standing 
structures without a substrate to block the incident beam. To achieve this, 
instead of supporting silicon nanowires with pillars connecting to the 
substrate, 3.2 µm thick, 1 cm ×1 cm area free-standing silicon grids were 
fabricated as support structures. The detailed fabrication steps are shown in 
Fig. 6.12. 
    First, a 1 µm thick PMMA photoresist is spin-coated on a silicon wafer and 
patterned by a 30 keV electron beam (Fig. 6.12 a). Then, the sample is 
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irradiated with 100 keV H2+ to form nanostructures just a few hundred 
nanometers below the sample surface (Fig. 6.12 b).  
Figure 6. 12: Schematic of experimental steps for fabricating totally free-standing 
silicon nanostructures without substrate. 
In order to fabricate a large area silicon supporting grid which is easy to 
handle and suitable for mass production processes, large area ion beam 
irradiation is used. The irradiated wafer was first cleaned and coated with 8 
µm SU-8. A glass mask is firstly made by a laser writer using 405nm UV light 
on a Cr coated glass. Deep UV exposure through the mask results in a 9 µm 
width grid pattern on the photoresist (Fig. 6.12 c). The silicon wafer, with SU-
8 grid mask coated on it, is then large area irradiated with 900 keV He+ (Fig. 
6.12 d). To fabricate a robust supporting structure as discussed above, in 0.4 
Ω·cm wafer, sufficient fluence of 1×1015/cm2 is used with helium ion 
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irradiation. After the photoresist layer is removed, electrochemical etching is 
carried out to a suitable depth to undercut the whole structures (Fig. 6.12 e). 
The porous silicon is removed by thermal oxidation followed by dipping into 
HF again to dissolve silicon dioxide, resulting in the whole structures being 
lifted off from the substrate, becoming totally free-standing (Fig. 6.12 f). 
Silicon grid supported nanowires were successfully fabricated. An optical 
image of it resting on top of tweezers is shown in Fig. 6.13a. One can observe 
from the SEM images (Fig. 6.13b and c) that the nanowires are well-supported 
with good uniformity along their 8 µm length. A further zoomed in image in 
Fig. 6.13d reveals the smooth surface of silicon nanowire, with a diameter of 
200 nm. This may be considered thin enough for applications like defect 
research in silicon nanowires by X-ray detection method. 
 
Figure 6. 13: (a) Optical image of 3.2 µm thick silicon grid resting on top of a 
tweezer. (b) SEM plan view and (c), (d) tilted image of grid supported silicon 
nanowires in 0.4 Ω·cm wafer. Nanowires are irradiated with 100 keV H2+ with a line 
fluence of 2.2×109/cm, support grid is irradiated with 900 keV He+ with an areal 
fluence of 1×1015/cm2. Sample is etched in 24% HF solution with current density of 
40mA/cm2. 
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In this chapter, I have successfully fabricated three dimensional and free-
standing silicon nanostructures and confirmed the ability to do so repeatedly 
and controllably. These structures have a variety of application fields, such as 
nanoelectromachanical system and waveguides, which is further broadened by 
the flexible choice of surrounding materials by a deposition technique. The 
quality of the support structure is dominated by two key factors: Inside current 
flow and outside current flow. Detailed studies enable us to achieve well 
supported structures with diameter of 50nm or spacing of 180nm. To further 
improve this technique, totally free-standing silicon nanowires were produced 
by removing the substrate. These are being developed as nanostencil masks or 
may be used in basic research, such as studying their thermal conduction 











Chapter   7 
Nanostencil lithography 
This chapter focuses on nanostencils using silicon masks, which is an 
important application field for the free-standing silicon nanostructures. Firstly, 
nanostencil lithography is briefly reviewed. Then the detailed experimental 
factors influencing mask quality are discussed, enabling us to fabricate masks 
with smooth gaps of about 160nm between adjacent silicon wires. A variety of 
silicon masks have been fabricated due to the flexibility of the design. Finally, 
the problem of wafer bending during thermal oxidation is studied, followed by 
the preliminary results of pattern transfer through the silicon masks. The 
method of mask fabrication in this thesis is a simple and direct way, with the 
advantage of achieving a larger feature thickness while preserving high pattern 
resolution, so having great potential to overcome the distortion of mask during 
repetitive lithography.  
7.1 Review of nanostencil technique 
Stencil lithography was developed in the 1980s [111]. A similar technique 
available at the nanometer scale was first reported in 1999 [112], where the 
shadow mask was originally fabricated on the cantilever in the proximity of 
the tip of a scanning probe microscope. This technique soon developed into a 
parallel, large area nanostructure patterning method using a large area 
nanostencil mask [113]. The nanostencil mask is a framed membrane 
containing etched patterns at the nanometer scale. First the mask is mounted 
onto the substrate (Fig. 7.1-1). During the following deposition step, the 
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sample surface is partially blocked by the mask, resulting in the same features 
as on the patterned mask being deposited onto the substrate (Fig. 7.1-2). Since 
the patterns are a shadow of the mask, this technique is also called shadow 
mask patterning. Nanostencil lithography has the following advantages: 
 It is a parallel fabrication method, and the mask is reusable. Small and 
large patterns can be formed simultaneously, greatly enhancing the 
throughput for nanopatterning.  
 Flexibility of choices of both deposited material and substrate. 
 Thin film nanopatterns are fabricated in one step, without photoresist 
pattering and lift-off processes like conventional methods. Potential 
surface contamination due to photoresist coating is also avoided. 
 
Figure 7. 1: Schematic of nanostencil lithography. 
7.1.1 Mask fabrication 
Nanostencil mask fabrication is one of the key points in the whole process. 
A silicon nitride membrane is the most commonly used material, because of 
its good flatness and commercial availability. A small area mask on a AFM 
cantilever is often fabricated by ion beam milling, which is time consuming, 
so not available for mass production [114]. Instead, the method which 
involves nanolithography of a protective layer on the silicon nitride, followed 
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by RIE etching, can pattern a large area mask easily. Although a silicon nitride 
based mask can realize very large area patterning, one limitation is the 
inherent stress in the membrane. This can lead to catastrophic failure of the 
mask, either during manipulation or during the deposition process. So 
fabrication process aims to achieve as low stress as possible. 
An alternative fabrication process is using a bulk silicon membrane as 
nanostencil mask to remove the problem of stress. Silicon mask fabrication 
usually first requires thinning down of the wafer, followed by focused ion 
beam milling [18, 115] or anisotropic chemical etching [22] to pattern the 
nanometer features. However, the slow speed of ion beam milling limits the 
application to large area masks, and the anisotropic nature of chemical etching 
limits the shape of nanostructures. 
In this thesis, a new fabrication method for silicon nanostencil masks is 
developed, utilizing the free standing silicon structures described in chapter 6. 
The advantages are: 
 The silicon masks achieved have comparable lateral dimensions but 
larger thickness than conventional silicon nitride masks. Thus, during 
the lithography step, the mask should be able to better resist any 
distortion, which is always a challenge for the precisely pattern transfer 
and reproducibility. 
 This method is applicable to large membrane areas since a large area 
nanolithography and a large area ion beam irradiation are used.  
 The patterns are mainly defined by e-beam lithography and isotropic 
etching, leading to the flexibility of pattern design.  
 Without the thinning down step which usually exists in other fabrication 
methods for silicon mask, our mask concept involves simpler 
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7.1.2 Stenciling processes and application 
Nanostenciling has been demonstrated in both a dynamic mode and a static 
mode. The dynamic mode involves moving the mask or sample in a specific 
path, to achieve desired patterns. The mask is fabricated directly on a AFM 
cantilever [114] or integrated with a AFM tip for in-situ deposition [116, 117]. 
Major benefits of this mode are, for example,  its ability to accurately position 
the nanostructures [114], allowing the fabrication of multi-materials with 
different patterns with sequentially evaporation steps [117], and the flexibility 
of varying the pattern and material thickness with a single mask. However, 
important drawbacks limit its application. This mode is not suitable for very 
large area production, and the long exposure time of the mask during 
evaporation causes a much larger distortion of the pattern compared to a static 
mode. In a static mode, sub-100nm nanometers structures on the sample can 
be fabricated by minimizing the gap between the mask and the sample surface. 
In this way, large area patterning with high throughout is realized [118-120]. 
The main challenge in stenciling is the distortion of the mask near the open 
areas due to heating and stress build up during the deposition step. Efforts 
have been put to improve the mask by either adding corrugated structures [121] 
or supporting the membrane by thick silicon frames [119].  
In this technique, the deposited material can be metallic, dielectric or 
organic. The patterned metallic structures are nano-scale magnetic material, 
which has potential applications in spin transfer studies and magneto-logic 
devices [118, 122]. Metallic materials can also be patterned as a nano-antenna 
arrays and used in plasmonic devices [123]. Nano-scale metallic structures can 
also be integrated with existing IC techniques to realize 
nanoelectromechanical systems (NEMS) [124]. 
Some oxide materials have been patterned by nanostencil lithography and 
the properties studied [125]. Another group realized patterning of bioprobes 
on a polymer substrate using this technique, which has profound implications 
in biological and medical applications [119]. 
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7.2 Mask quality and a variety of pattern design 
Using the same fabrication processes as described in chapter 6.4, free-standing 
silicon nanostructures without a substrate are utilized as nanostencil masks. 
Masks are made on a 0.02 Ω·cm wafer which allows denser structures to be 
fabricated, as discussed in chapter 4.  Nanostructures were irradiated with 100 
keV H2+ with various fluences and a large grid was produced by 1 MeV He+ 
irradiation with fluence of 2×1015/cm2. Since it is very hard to completely stop 
current flow through the support structures in a low resistivity wafer, the large 
area grid usually cannot robustly support the nanowires, since the connection 
point would easily break, as discussed in chapter 6.2. Thus, e-beam patterning 
not only includes nanostructures but also supporting lines with a few 
micrometers width perpendicular to them. As discussed in chapter 6.2.2, these 
lines are irradiated with the same energy and fluence as silicon nanostructures, 
so providing good support (Fig. 7.2a). Instead of supporting the nanostructures 
directly, 1 MeV He+ induced large grid support is connected to e-beam 
patterned support. Although the connection part between the e-beam patterned 
support and the large grid becomes thinner in Fig. 7.2a, it is not as fragile as 
nanowires due to the larger size the e-beam support.  
In Fig. 7.2a, nanostructures are located near the top surface of the 3.5 µm 
thick large area grid. I define the top surface of the grid, which is shallow 
etched from the original surface of the silicon wafer, as the front side and the 
other side as back side. When mounting the mask, the front side should face 
the sample surface to minimize the gap between the silicon nanostructures and 
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7.2.1 Mask quality 
 
Figure 7. 2: SEM images of silicon wires mask fabricated by 100 keV H2+ with 
fluence of 8×1014/cm2 in 0.02 Ω·cm wafer. With period of (a), (c) 650nm and (b), (d) 
550 nm. 
 
Fig. 7.2a and c show a tilted image and plan view of silicon wire mask with 
a period of 650nm. A smooth gap width of 190nm is produced. However, 
when the period was reduced to try to achieve a smaller gap (Fig. 7.2b, d), the 
gaps became so rough that adjacent silicon wires even connect to each other at 
some point (Fig. 7.2d). Furthermore, the silicon wires also become thinner, as 
seen from the tilted image (Fig. 7.2b). This can be interpreted as follows: 
densely patterned irradiated lines lead to partially overlap of the adjacent 
irradiations, thus, the distinction between the irradiated lines and spacing blurs. 
The etch current also partially flows through the irradiated silicon wires, 
etching them thinner and rougher, as discussed in Fig. 4.9. For a certain line 
period, the phenomena can be reduced by decreasing the irradiation fluence. 
For a fixed fluence, the decreasing period causes a progressively increasing 
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blur between the irradiated lines and spacing, until to a certain limit at which 
point the etch current flow cannot distinguishes them anymore, hence the 
current flow through the spacing reduces and becomes non-uniform, leading to 
rougher side walls (Fig. 7.2d). 
 
Figure 7. 3: SEM images of silicon mask fabricated by 100 keV H2+ with fluence of 
8×1014/cm2 in 0.02 Ω·cm wafer. (a) Tilted image and (b), (c), (d) the corresponding 
plan view. 
 
Not only does the period of the nanowires influences the mask quality, but 
also the density of the support structures. Fig. 7.3 a, c show silicon wires 
supported by e-beam patterned lines with different densities. The silicon wires 
which are located within a large support spacing area (Fig. 7.3b) have smooth 
and straight sidewalls while the ones within a small spacing area (Fig. 7.3d) 
have more sloping sidewalls. Thus, it is clear that the pattern density 
influences the etch current flow, producing silicon nanowires with different 
roughness and sidewall quality.  
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Figure 7. 4: SEM images of silicon mask fabricated by 100 keV H2+ in 0.02 Ω·cm 
wafer, (a), (b), (c) with fluence of 8×1014/cm2 and period of 850 nm. (d) with fluence 
of 1×1015/cm2 and vertical period of 650 nm, horizontal period of 850nm. 
 
Irradiation with a perpendicular array of lines results in holes with a 
diameter of 280 nm in Fig. 7.4a. The side walls are sloping, as seen from the 
front side (Fig. 7.4a, b), but the hole edges are sharp, as seen from the back 
side (Fig. 7.4c). This means that the minimum hole diameter is located at the 
back surface, which is good for performing nanostencil lithography from the 
back side direction. That is because the sharp edge of the holes at the back 
surface makes the accumulation of deposited materials on it harder, thus, the 
size of the holes remains more constant during repeated useage. With an even 
smaller period and large irradiation fluence, holes with a diameter of about 
230 nm are also achieved in Fig. 7.4d. 
   




Figure 7. 5: SEM images of silicon mask fabricated by 100 keV H2+ with fluence of 
1×1015/cm2 in 0.02 Ω·cm wafer. (a), (b), (d), (e) show silicon holes with a period of 
1050 nm. (c), (f) show silicon wires array with 200 nm irradiation width and a period 
of 750 nm. Etch current density is also shown on top of the figure that (Left) 
60mA/cm2 and (right) 100mA/cm2. 
 
Etch current density is another key factor influencing mask quality. By 
comparing Fig. 7.5 (b) and (e), with increasing current density, holes are 
enlarged and the side walls become more sloping and with higher roughness, 
due to a stronger etching of irradiated areas. Nevertheless, a higher current 
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density does not always reduce mask quality. It has the advantage in 
distinguishing adjacent structures with a small period, producing thicker 
silicon wires with much more uniform, wider gaps (Fig. 7.5f) than what is 
achieved using a lower current density (Fig. 7.5c). Therefore, to fabricate a 
perfect nanostencil mask, the current density should be properly optimized for 
the structure period, the smaller the period the larger the current density. 
 
Figure 7. 6: SEM images of silicon mask fabricated by 100 keV H2+ in 0.02 Ω·cm 
wafer (a) with fluences of 4.5×1014/cm2 and (b) 8×1014/cm2. Optical image of e-beam 
patterned PMMA photoresist (c) before ion beam irradiation and (d) after 100 keV 
H2+ irradiation with a fluence of 9×1014/cm2. 
 
The irradiation fluence, as discussed in chapter 4, controls the size of the 
resultant silicon structures. While a high fluence produces wide silicon wires 
which are connected to each other in a 550 nm period (Fig. 7.6b), smaller 
fluence gives thinner silicon wires that are well resolved (Fig. 7.6a). This 
means that structures with even smaller period can be fabricated using a small 
irradiation fluence. Further observation of Fig. 7.6a demonstrates again the 
location dependence of the resultant silicon structures, in the center of the 
silicon wire array where the local current density is larger, structures are 
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etched through (arrow in Fig. 7.6a). Thinner silicon wires are more fragile, so 
a more rigid support structure is needed.  
By comparing the use of e-beam patterned PMMA photoresist before (Fig. 
7.6c) and after (Fig. 7.6d) ion beam irradiation, it is found that ion irradiation 
causes enlargement of exposed area, give rise to a higher actual line fluence 
for high fluence irradiation. 
7.2.2 A variety of pattern designs 
 
Figure 7. 7: SEM images of silicon mask fabricated by 100 keV H2+ in 0.02 Ω·cm 
wafer with fluence of 1×1015/cm2 (a) plan view image and (b) corresponding tilted 
image. (c)Tilted image and (d) corresponding plan view. 
 
    Due to the flexibility of e-beam patterning and design, a variety of complex 
structures have been fabricated. Elliptical holes were produced with diameters 
of 200nm and 630 nm in Fig. 7.7a, b. The side walls are relatively straight (Fig. 
7.7 a and b).  Corrugated silicon wires with spacing between 160 nm to 250 
nm are also fabricated and shown in Fig. 7.7 c and d.  
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Figure 7. 8: SEM images of silicon mask fabricated by 100 keV H2+ in 0.02 Ω·cm 
wafer with fluence of 1×1015/cm2 (a)Back side tilted image and (b) corresponding 
plan view. (c)Back side tilted image and (d) corresponding plan view. 
 
With a decreasing period from the outer edge of the silicon wire array 
towards the center, a 200 nm gap with very smooth, straight side walls is 
produced (Fig. 7.8 b arrow).  From the tilted back-side view (Fig. 7.8a), it is 
more obvious that the 1 MeV He+ irradiated support is much thicker than the 
e-beam patterned support and silicon wires.  I also tried to pattern structures 
with increasing gap size (Fig. 7.8d), which will convert to nanowires with 
increasing width after nanostencil lithography. This structure has the potential 
for connecting nanowires at the wider end for further electrical or thermal 
measurements. A 300nm gap with good uniformity is shown in Fig. 7.8c, d. 
The width increases rapidly to a few micrometers depending on the e-beam 
patterned design. 
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7.3 Sample bending during oxidation 
After ion beam irradiation and subsequent electrochemical etching, the silicon 
nanostructures are buried in a porous silicon layer which needs to be removed 
for releasing the free-standing nanostencil mask. KOH etching is a good 
choice from the point of view of not causing any additional stress and strain, 
producing a flat silicon grid. However, this approach is not suitable for fragile 
nanostructures due to the violent bubbling produced during porous silicon 
dissolution. Thus, porous silicon was removed by a short thermal oxidation 
period, followed by HF dissolution of the resultant silicon dioxide. Due to the 
small feature size, porous silicon is easily oxidized and dissolved by a HF 
solution, while the silicon nanostencil mask still remains as crystalline silicon 
with a smoother surface, owing to the efficient removal of low porosity silicon. 
This method gets a round of the problem of bubble formation which may 
damage the silicon nanostructures. However, another problem needs to be 
considered, namely that the sample bends during oxidation. Dislocations are 
formed in the crystalline silicon to release the stress during oxidation [126, 
127], thus, the nanostencil mask is still curved after being lifted off from the 
substrate. This results in a gap between the curved mask and the sample 
surface to vary, hence reducing the quality of the transferred pattern.   
Many groups have investigated the stress and strain in an oxidized porous 
silicon layer [128, 129]. The reason is usually attributed to the Si-O bands 
located at the Si-SiO2 interface in the silicon skeleton [130, 131]. Partially 
oxidized porous silicon can be even used as stress generator [132, 133]. Since 
the significant bending of an oxidized sample is detrimental for nanostencil 
mask fabrication, I studied the experimental parameters and their relationship 
between wafer bending curvature, in order to minimize the bending effect. 
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Figure 7. 9: (a) Schematic of etched silicon wafer bending after thermal oxidation. 
(b), (c), (d), (e), (f) Optical images of etched samples with oxidation in air for 1 hour 
at 300 C̊ and subsequently 20 mins at 900 C̊. The thickness of porous silicon (PSi) 
and silicon substrate (Si) are shown in each picture. (b), (c) exhibit samples with 
porous silicon layer facing up, while in (d), (e), (f), porous silicon is facing down. (c) 
and (e) are showing the same sample with different picture angle. 
 
    A bulk crystalline silicon sample remained flat before and after thermal 
oxidation (Fig. 7.9b), while samples with a layer of porous silicon on top 
became convex towards the porous silicon layer side (Fig. 7.9a, c).  Fig. 7.9c 
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and e exhibit the same sample with a porous silicon layer facing up and down 
respectively. In order to observe the wafer bending effect in a more obvious 
way, images with porous silicon layer facing down (Fig. 7.9e) are presented in 
the following figures. 
By comparing Fig. 7.9 e and d, with other experimental parameters kept the 
same, the thickness of the porous silicon results in a huge difference in the 
bending curvature, the thicker the porous silicon, the more curved the wafer 
becomes. With the same thickness of the porous silicon (Fig. 7.9 e and f), 
increasing the substrate thickness results in the sample becoming flatter (Fig. 
7.9 f). Thus, a thinner porous silicon layer with thick substrate is preferable in 
the experiment. 
 
Figure 7. 10: Optical images of samples with 32 µm thick porous silicon on 270 µm 
thick silicon substrate, oxidized in air for 1 hour at 300 C̊ and subsequently 20 mins 
in various temperatures indicated in each picture. 
 
    Sample curvature generally increases with oxidation temperature except that 
the data point in 900 ̊C exhibits larger curvature (Fig. 7.10). The reason may 
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be, at temperatures higher than 900 ̊C, the substrate starts to flow a little, 
causing breakage between it and the porous layer, removing the source of 
stress and bending, so reducing the curvature compared to Fig. 7.10b. 
 
Figure 7. 11: Optical images of samples with 32 µm porous silicon on 270 µm thick 
silicon substrate, oxidized in air for 1 hour at 300 ̊C and subsequently at 800 ̊C with 
various time slot, indicated in each pictures. 
 
    Sample curvature also increases with extended oxidation time, shown in Fig. 
7.11. This is reasonable since the thickness of the SiO2 increases with the 
oxidation time, producing a stronger stress. This effect is more obvious at the 
start of oxidation when the growth of the silicon dioxide is faster (Fig. 7.11 a 
to b) and becomes less noticeable in subsequent oxidation periods (Fig. 7.11 b 
to c) when oxidation is slowed down due to the existing SiO2. Therefore, 
many cycles of short time oxidation-oxide removal can prevent stress 
accumulation from a longer time oxidation, hence, leading to a flatter 
nanostencil mask. 
 
Figure 7. 12: Optical images of etched samples with oxidation in air for 1 hour at 
300 C̊ and subsequently 20 mins at 900 ̊C. 16µm thick porous silicon layer is produce 
on 270 µm thick silicon substrate in 24% HF solution with etch current density of  (a) 
20 mA/ cm2, (b) 40 mA/ cm2 and (c) 80 mA/ cm2. 
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The porosity of the porous silicon layer is another key factor influencing 
stress and wafer curvature. With increasing porosity, produced using a higher 
etch current density from Fig. 7.12 a to c, the samples become flatter.  
 
Figure 7. 13: Optical images of (a) silicon substrate with electropolished porous 
silicon layer on top after oxidation. (b) The same oxidized porous silicon layer rest on 
top of a tweezer. (c)Free standing porous silicon layer supported by silicon grid, 
clamped by a tweezer, before oxidation and (d) after oxidation. 
 
Since a higher current density has the advantage of producing a flatter 
stencil after the oxidation step, I tried electrochemical etching followed by 
electropolishing to separate the porous silicon layer and the substrate, 
expecting a completely flat sample. In this way, there is no influence of 
interface between porous silicon and substrate, thus, stress in the porous 
silicon layer is not delivered to substrate and results in a flat wafer (Fig. 7.13a). 
However, the intrinsic stress and strain in the porous silicon layer is very 
obvious, leading to a corrugated oxidized porous silicon layer (Fig. 7.13b). In 
the same way, a free-standing porous silicon layer with a silicon grid 
 
  Chapter7   Nanostencil lithography  
 




supporting structure was also fabricated with a high degree of flatness (Fig. 
7.13c), but became badly curved after oxidation (Fig. 7.13d). These 
phenomena demonstrate that the porous silicon layer is the main source of 
stress and substrate acts to reduce the bending. Proper connection between 
porous silicon layer and substrate is necessary for producing a flat nanostencil 
mask buried in a  porous silicon layer. 
7.4 Metal sputtering by nanostencil lithography 
 
Figure 7. 14: Optical images of nanostencil mask mounted on a silicon wafer. 
 
In this section, preliminary results of nanostencil lithography are shown. 
Further experimental and optimization is required before these masks can be 
fully utilized in mass production. Relevant problems are pointed out for future 
work. 
    A nanostencil mask was mounted on a silicon wafer, then pressed to keep it 
flat and close to silicon surface by a metal washer which was fixed by black 
carbon tape (Fig. 7.14). After several rounds of chromium (Cr) and gold (Au) 
sputtering, some of the small gaps between the adjacent silicon wires became 
blocked (comparing Fig. 7.15 a with c). For a sputtered layer thickness of 
~120 nm, the original 190nm wide gaps in Fig. 7.15b became reduced to 
120nm (Fig. 7.15d). The structure size change due to sputtering/deposition 
processes is obvious. This would prevent precise reproduction of the 
nanoscale patterns and further experiments are needed to learn how to reduce 
this effect. From the zoomed out view of the mask after sputtering (Fig. 7.15e), 
it can be seen that the mask is flat, without any shape deformation, which 
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confirms the strong mechanical properties of the relatively thick crystalline 
silicon and the advantage of our nanostencil mask. 
 
Figure 7. 15: SEM images of the back side of a nanostencil mask with 550 nm period 
(a) before and (c) after ~120 Cr and Au sputtering. Mask with 650 period (b) before 
and (d) after ~120 nm Cr and Au sputtering. (e) Zoom out view of the back side of a 
mask after sputtering. 
 
A 26 nm thick Cr layer was sputtered on to the silicon substrate through a 
nanostencil mask. Fig. 7.16 a shows a SEM image of the mask and Fig. 7.16 b 
shows the Cr pattern transferred on to the wafer surface. The 700 nm wide 
 
  Chapter7   Nanostencil lithography  
 




silicon wires on the mask are well transferred to the Cr pattern. In Fig. 7.16 a, 
the gaps between adjacent silicon wires are decreasing from right to left. On 
the transferred pattern, Cr pattern sputtered through these gaps becomes more 
blurred with decreasing width of these gaps. 
 
Figure 7. 16: (a) SEM images of the back side of a nanostencil mask and (b) the 
corresponding optical image of Cr pattern transferred on silicon wafer surface. 
 
 
Figure 7. 17: (a), (b) SEM images of a nanostencil mask and (c), (d) the 
corresponding optical image of Cr pattern transferred on silicon wafer surface. 
 
    This phenomenon is more obvious in Fig. 7.17 a and c. With the gaps 
between adjacent silicon rings decreasing from the center to the outer-edge, 
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the Cr pattern becomes progressively blurred. A zoomed in view in Fig. 7.17 b 
and 7.17d reveals that the 240 nm width gaps located at the outer edge are all 
blurred and the minimum gap that can be transferred well has a width of about 
450nm. The gap between the mask and wafer surface is one of the factors that 
causes the blur. This is made worse by the fact that the sputter machine which 
is used for pattern transfer produces a Cr beam with a large angular range 
divergence. This effect not only broadens the size of the transferred features, it 
also induces the thickness of the deposited film varying with the size of the 
apertures on the mask: The smaller the apertures the thinner the thickness (Fig. 
7.18). This phenomenon can be interpreted as: Due to the angular divergence 
of the Cr beam, at a certain point of the growth front, the growth rate of the 
thin film is related to the solid angle through which the Cr atoms deposit. For 
gaps with small width, the solid angle is smaller due to the extensive 
shadowing of the nanostencil mask, see Fig. 7.18. Thus, the film which is 
deposited through a smaller gap is thinner than that through a larger gap. 
Therefore, with decreasing width of gaps from the center to the outer-edge in 
Fig. 7.17c, Cr layer becomes thinner and appears progressively blurred.  
         
Figure 7. 18: Impingement solid angles during Cr sputtering, varying with the width 
of apertures in nanostencil masks.  
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Figure 7. 19: (a) SEM images of a nanostencil mask and (b) corresponding optical 
image of pattern transfer through the mask. (c), (d) SEM images and (e) optical 
image of a mask and (f) corresponding optical image of pattern transfer through the 
mask. 
    In collaboration with the Nanocore Laboratory in the National University of 
Singapore, we also tried to sputter LAO (Lanthanum Aluminum Oxide) on 
STO (Strontium Titanate) substrate through silicon nanostencil mask. Silicon 
wires with 1 µm gaps on the mask are well-transferred to the LAO pattern, 
seen from Fig. 7.19 a and b. However, due to the same reasons as in Fig. 7.17c, 
if the silicon wires on the mask have gaps of only 160 nm (Fig. 7.19 c, d and 
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e), although the trace of nanowires still can be seen from Fig. 7.19f, the pattern 
is very blurred. Further effort is required to minimize the spacing between 
mask and substrate, by fabricating flatter nanostencil mask or by adding force 
to press the mask close to the sample surface. In addition, a transfer method 




Silicon nanostencil masks have been successfully fabricated with small feature 
sizes and a low roughness. Using e-beam patterning, UV lithography together 
with large area ion irradiation, the potential ability for mass production and 
upscale fabrication was demonstrated. In addition, the strong mechanical 
properties of the silicon mask for resisting distortion is also indicated to some 
extent. Nanostencil lithography through a silicon mask is limited by the 
bending of the mask due to thermal oxidation, and the spacing between the 
mask and the wafer surface, inducing pattern blurring. Nevertheless, 
preliminary results of pattern transfer still demonstrate this technique has the 
potential to be very successful. Further optimization is required in this ongoing 
project for minimizing the limitations and for realizing silicon nanostencil 
lithography in versatile application fields, such as nano-scale magnetic 
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Chapter   8 
Conclusions 
Presently, an increasing demand for highly compact devices with high 
performance means nanofabrication techniques play an important role in many 
fields. My method of nano-scale silicon machining is a simple and direct 
process with additional advantages for fabricating true three-dimensional 
structures. The simulation, experimental technique and capability of nano-
scale silicon machining using ion irradiation and electrochemical etching are 
presented in this thesis.  
    Compared with the micromachining of silicon using similar processes, a 
lower energy ion irradiation which induces defects with smaller lateral 
scattering is used in this work. Thus, the feature size of silicon can be 
successfully shrunk to the nanoscale range. The simulations of irradiation and 
electrochemical etching provide valuable guidelines for experimental 
operation. In addition, the new physical parameter which is defined for nano-
scale ion irradiation: “Line fluence”, better predicts the experimental results 
and is available in all fields related to charge particle irradiation in nanometer 
scale.  A variety of experimental parameters have been studied in great detail, 
enabling the fabrication of various silicon nanostructures. 
The structures and phenomena achieved and studied in this thesis can be 
briefly summarized as follows: 
 
1. Silicon nanowires with diameters and gaps between adjacent wires 
of about 50 nm. 
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2. Self-aligned, three dimensional multilayer silicon nanowires arrays 
which has potential application in silicon photonic crystals. 
3. Free standing silicon nanostructures supported by silicon structures, 
with or without a substrate. 
4. Enhanced photoluminescence from irradiated porous silicon due to 
dual effect of current funneling effect and a locally increased 
resistivity. This has wide applications in displays, high sensitivity 
sensors and hollow nano-channels buried in porous silicon. 
5. Conditions for producing robust supports for three dimensional free-
standing structures are: proper experimental conditions influencing 
“inside current flow” and “outside current flow”. The sufficient ion 
irradiation fluence for support structure to prevent inside current 
flow; A low ratio of fluence between the supports and the suspended 
structures, which enables suspended nanowires ability to deflect the 
denser outside current flow near the side wall of the supports. 
6. Fabrication of silicon nanostencil masks with minimum achieved 
feature size of 160 nm, and relevant challenges in the ongoing 
project of nanostencil lithography. 
 
This thesis has demonstrated the ability to fabricate various silicon 
nanostructures repeatedly and controllably. Relevant phenomena have been 
studied to reveal the physical principles underlying silicon nano-machining. 
Potential applications of these structures for enhanced photoluminescence and 
nanostencil lithography mask have been investigated to some extent. 
Further effort is required in optimization and expanding the applications in 
fields of photonics, NEMS, nanosensor devices, etc. Hopefully, the work in 
this thesis can open a route to achieving densely-packed, three dimensional 
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